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SUMMARY

.b_ experimental and tl..or_t;cal xtud!l ha,,' becl_,

made .[ the lu'n-dlm_m_'iol_al lranmmic flow paw

a 12 ° wed q_. air[oil with /.u,_.r ._'u@we indimd 13 °

to the air xtream. Th,c _.rl.rimental p.rthm qf the

•dud!/ conx;._t._' qt" ._'urr_.ys ..f the .flow field about

the leading _dg_ _ ;u a eluxed lh, roat tunml near

choking 3lath number bll meaw_' of a_ X-ray

det_xitometer. ]"r.m these xurre!/x ra/'ioux .l)alures

hare been determim:d; namely, the local;on oJ" the.

xtagnatinn point, the loeathm (_1"the xol_;c lira _, tl.

.,'ire q[ the xeparafion bubbh ,n th_ _ upper ._.utJ'acc,

am/ the ralac qf the Jfitch numbcr at the bubbh'

edge.. 7'base &ature,_" wcr_ r_'/atireh.t ;_ix_n,_';tir_ _ t.

changes in lle!tnold,_" number ;n /he range l)'om

1 .< I() _" t. 3_IG e bax_.d ._ chord.

The thermal/ca� lmrl;rm _tt th_ ,_'tud 9 com_'i,_'i,_" qf tl._

cah'uhtthm b!/ rda,rafhm mHh.d,_' qf a_l uJ_boumh.d,

inri._'cid, tw.-dimenxioJml ttmr about a porthm qf

the ._'ame b.dff at a .fre_,-xtr_.am, .lfach, number if�"

e.racll!t utt;l!l. The calculalionx !thht a .s'tl)aral;o_t

bubbh; on the upper ,_'u(face which, has a shape

_h.w_ to be c.mpalible with known ll_e.retical

coml;t;.n.s' .lor ri._'coux attachment t. the upper

_u(t'ace of the body.

.lgreement between the theoretically calculated

omt the e.rperimenlallff determined featurex _!f the

flow wax good i_ reghm.s" where lhe h>cal A[ach

number wax 2 or les,_'. In regionx qf higher local

:llaeh _u, mber the agreement wax .fair. 73e

the.retical/!l determined A/etch namber on the bubble

edge wax 2.80 where ax the experimentally determined

_,alue wax 2.,30. The thcoret;eally determined length

o.f the ,_.eparatbm bubble u'a,_' 1.,54-percent chord

wherea,_ the eJ:perimentall!t determined length wax

about 5-percent chord. The theoretically determined

location i( the stagnation poi_t wax O.l(;-percent

chord fi'om the leadhtg edge u'hereax thr _,.rp_ri-

m, entallff determined lm'athm wax at 0.Sti-l. rCent

chord. The experie_we gained in ._tUd!li_ 9 the

flow suggests the po,_'._ibility thai the x.luth, n obta im d

ix not unique and that anoth_,r xoluli._ in b_itcr

agrreme_t with e.rperime_t m ;gh t _.rixt.

INTRODUCTION

The asymm(qri(' (ransoni(, lh)w a])Oll( a lifting

airfoil wi(h sharp h,a(ling (,(Ig(' may I)(, ('Imrae-

t('rized by t h(' tyl)e of lh)w whi('h exists on (h(,

upp(')" sm'fa('(,. Tim wwious lyl)('s of flow l)ossil)]e

on the Ul)l)('r surfa('(' van best l)e (h,s('ril)(,(l by

tirst sp(,('ifying' an airfoil of [ix(,(I re)s(, angle

and angle of atla('k an(l (h(,n ('onsi(h,ring the

lh)w ('o)di_urnlions whi('h d(,v('h) l) as (h(, .Xla('h

)mml)er is varied. First, a( low subsonic Sl)('eds,

llm (,[mra(.t(,risti(' pattern is that of ('Olllp]('l('

S(,l)arati()n of tlw lh)w from th(, Ul)l)er surfa('(,.

This set)aral(,(I i)nlt(,rn I)¢,rsis(s wilh little ('hang(,

until at some hiffh subsoni(' ._l,('h mmd)(,r (the

vahw of whi('h (h,I)ends on (h(, nose nngl(, and )_ngl(,

of at(a('k) t h(' lh)w al)rul)tly ('Imnges (o a s(,('()n(l

(yp(,. This s(,('on(l flow l)att('rn is typified l)v

a small S(,l)ara(ion l)ul)l)le on th(, Ul)l)('r sm'fa('e

at (h(, h,a(ling ('(Ig('. Th(, lh)w l)oun(ling lhis

I)ubl)h' is ,_Ul)('rsoni(' as a result of ov('r('Xl)ansion

about, (,lw (,(Ig(, and thus leads (o an ol)liqu(,

sho('k wave when it (m'ns to the (lir(,('lion of lh(,

surfat'e at the (]ownslrt'am end of the s(,pnralion

l)ubl)h,. The flow then follows (he surface, an(I

its further history is determined by the shape of

Ibis surface. This attached tlow paltern persists

until a sup(q'soni(' v)lhl0 of the fr(,e-stre_Inl Maeh

mmal)er is r(mche(l (the wdue again (h,l)('n(ling

on nose 'ingle and angle of alta('k) wh('r(' it gives

way tiredly 1o the familiar all-supersonic lh)w willi

attached ]eading-(,(Ig(, bow wave.

I
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Siti<'t, tlw st,c<,nd tyl:w of flow confi_ur:itic, n

th,scrib_,d alHiv_, F,t,rsists over a ['nil'Iv ,,vide, range

c,f ._[l,_']l mlntbers, these nltaclled flows are of

l)rueli('M interest l:,e<'aust, of their l,l]'_,<'l <m the

tllWli([ Vllllllli(' fort'(" |L.IId IllOllll"ll t. pilranleters.

Th_,v _lt'e also of inler<,sl l]leoreti('Mlv be<'ause

they are i,xanlph,s of tt'allsoni<' flows whi<'h yMd

to tht,lwefi<'al ntt_l<'l,:. An t'xperimt'ntill and

lhe(wt'ti('al study o1' sm'h _l [h)w is the t)rilmlZ'y

coiieern of Ihe present ])ill)el'.

The li'lllisili4lii frolil Ihe eOlii|tielt'|+v sl'i)ili'liled

to ill(' lltlal'hed flow with tnllltlh, ('ontilZui'alil:,n

wlis ii])Sel'V('l[ in tho whid-lunnel tests described

in i'(,f(q'(qil'o i. The flow 1)ounding the litilili]e

ill the h,lldhig edge wits eleliriy supersonic lis

evidenced 1iv the ilttendilnt oblique shock wave.

(_unlillltively silnihir |lows hllVi, Mso be(q| (i])s(q'vl,ll

I)uri(,<l in thl, SUl)ersoliiC flows l_,li,sl I)]tlnt I)]liies

illld ilXisvnlln(,ll'ie tlodios <)f revolution (rofs. 2

anti :/) and in sul)soni<' |low ]ltisl s]iliri) airfoils

lind li [hll-i'iict,d cylinder (ref. 4).

A dolaih'd (lulinlitiilive |ill'lure of the flow

sti'tlcliii'(, in the vil'initv of lhe lending edge is,

howl,Vl'l', llicl,cing'. 'l'hl' <hllii tlreselile(t in i'(,t+(,i '-

(qll'(,s 1, 9, _], lind 4 lil'p ]|hilled t(i scli]iei'en

I:,liologrlll)lis w]iich Ill'l, Slltljeel to ()lit i('Itl distor-

lilt|is and siatie-i)i+/,ssui'( , dislrilnition illPtiSlll'(,-

lilt,ills whi('h, for l)l'acticM i'PliSOliS, begin SO]ll('

dislilliCt' Im<'k ['1"o111 the h,li<lilig <,(llz(,. |_(,fel'(ql('(,

D I)l'l'S('lilS qullniillllive flow field dliltl al)<)lll

li['iing wt,dges |is ot)tlline(l by iiilerfer()liilqril'

iiiPlho(ls. ][l'l'l' llTtiili , 1[1(' flow ill!ill" ill(' ]eil(]ili_

('117l+ is IIOl (']('ill'lV (i(,tiiit,d (,Xli(,l'illl(,llllllix' I)u(,tillS( i

of Ih(, d(,('av of ol)licit] i'esolulion in this region.

A lheort, ticiil niodl,] wlii(;|i n i)l:,i'oxinllill>s illl,

<lbst,rv(,d flow is tinil of iiiviscid, irrollilionlll fhiw

ill|st |in inelin(,d [lelt |ill|l(, of in[inile Sl)tlii Ill fl'(,i,-

sll'(,lilii Xitl(.]i liUiiibel' |. (]lld(,ri('.v, r(,f(,i'lqi(.(, [i>

ol)lliined llnillviicaliy li snil/ll-(listui'tlimco solution

io this l)i'otlieni which, unforl+unlll.lqv, does not,

specify lht, l i'ue sliile of lil]'tiil's Ill l he ](,ll<tili 7 edTe.

||oxvever, IIIl (_xiicl sohition lo this Sll.lilO t)roi_h,ln

hits t)et,ll ollttlined nunierietliiv ];iv Vin('enti,

Vl_'litZ.Oll('l ", l/n(l Fisher, l'pf(q'(qi(,(_ 7> wlii(qt does

sullpiy lllose felllui'es for |ill nngle of ll+tinck of 13 °.

"f,Vhnt is IiiOl'e inipot'tlini, l|ie znelhod lOlidS ilself

IO eiiSV ('xt('llSi(In to II gen(q'li] i']liss (if [hil-i)(ll.lollied

niz'foi] sections with shlir 1) eOl'liei_ li+[. ]eluling lilid

trlliling edges. 1Vitllin the scope of this inviscid

I heoi'v tll_' st tlli<' l)ressui'(_ in l iie soptirlll,ion bu bl)le

ix lirl)ilriirv. It is lliei'efore l)OSsil)ie to construct

lilly oil, ['l'(tlil |ill iilfinitudt'()f flow I)lil l(+i'llS f(ir _'ix-i,li

hl(']hili illn llf lti{, [hit ]o\vt+t' sut'fill!t,. |[(iwevt,r,

lhiii 1) ii'li(+uitir ])ttll('i'll whiuil corrt,sl)onlls lii<)sl

ch/s('lv Ill Ilow ill n |'ell] fluid ilillsl tit' s('h'l'ietl to

sllliM'y II 1)oundnrv (_Olillilion d(gt,rlilhl(,<] frl)lll

viscou._; eonsi(h,rilt ions.

The illeOri)orlition <if viscosity <'lili lie Itch|eyed

wiiiiout eni])il'i('n] infl/riiiIHion, l)rovidl,d the

i)ollnditl'.V hLver (.ill| ])(, coilsidel'ed (if nl,gligitlh'

lhiel_n<,ss ill se])lil'lllioll lind the [hlw illlll(.|inielil

('Ii11 tie cmlsi<h,r_'<l II +'OllSlllll{. (,liel'Iz.v l)i'()cess. Tht,

ll(,(,('sSlll'.V tools tll'(' fllrlliS]l('(] |iV th('ori('s for

])OUlldltry-]li.v(,r lll.lli<!]iiil(,iil re('iqltiy d('v(,lot)('d t)y
Clml)mlm, K.ue|ln, and |+Ill'SOn for the hlmimlr

cnse (lef. 8), lind liy Korsl, ]'Jig(,, lind ('hil<ls for

tile turbulent case (ref. 9). Thus, i! _lppt,ltrs ]ms-

sibh' 1. s(qeet thai ])llrlil'/llllr ill|i, frl)ln the iillhli-

liide of inviseid, irrollllioili/l, mixed flow sol||lions

w]lieh is eoint)illillle will| r<,stri<qions inll)OS<,d by

lhe ])i'<,_'ess <if t)ollndiiry-]n.v(,r nlllichili_,ill.

q'lle exlenl Ill which such il <'||let|hired flow f)iit-

lt'l'n il!iTlil ngree wiih t_xi;,ei'inienltlil'¢ dell'rniilit'd

l)lill.(,rlls (qliiiiol lit, ih'cid('d |'rOll| |he dlilli t)f l'l'i'+.'l'-

iql(_l's 1]lrough 5 t)eclitlSe of lhe ]nl'l,; <if sul|il'i(,nl.

deiii, il V(,l'V <'los(, |o lhe ]eliding edl_e, lind i'st)_'<'illliy

in the m,ig]il)(irhool] of tile set/Ill'|ilion |)tii)l)h,. It,

iiiti.v l,lgicli]iy lie linii¢'il)ll.led, fui'llierlll()l'(,; liiiit,

fliiile l lii<d_.lit_ss of li r(,li] h'nllinlz q'<lg(' li]oil_ wilh

i'(,tt] viscous efft,cls (in ilistinctioli io 111(, tiieor<,ti-

cli] viscous ell'e_'ls ilitr<)duced 1iv the tlleol'ies of

I'efs. S ltll(I {1) WOllid I)roduce dl'i)lil'llll'eS ['i'Olil tile

tiieoi'(' ien] l)il'lUr<' in lliis i'egioll. Tilt _ I)l'esenl+

worlc 'ells iniiil/te<l in |ill lllll'til])l llcl dt,it, i'inhle

whettl+.r Sil('|i disliT"l't'lqnl'lit was il])l l(i lie serious.

The (,Xpel'iinenllil ])orlion of lh(' l)i'('SOlit work

is li det_,rniinniion ]l'+ iileliliS (if X-rllv densilltnie-

lrv <if t,]i(, density [Md ehlii'lil'lei'istiu (if lillll<'h_'<l

tl'iinsll Iil_ |tow [)list the ](,ildin 7 ('<ltze of Ii v¢l,lilZe

|if i+iilzle o1' Ill lnck. i;se of lhe X-l'liv densiloni(q(q'

])ei'lnil;e(I lil(,il_Ul'(,liielllS f]'PP of lierodviinini<' ill-

lei'fere ice s(ini(,wlnil <'loser Io |lie ]olidilig edge,

wii|ioui loss of delhi|lion, lhlin has been ]:lossit)le

wit]l <)liilq" nlei]iods. These nlea_ureliil,iils |)ro-

y|de in['oi'nilil.i(tll |'or It <!olnplirisoli wit]l till' resti]ts

of tile seeOlid 1)oi'tion (if lhe iiivt,sligl_ti<.ln, which

eonsisl 4 (if till litt.l,iil])l Io ('Olii])lile such it flow.

I_XPI_R[MEN'['AL MIRANG_MEN'P AND APPARATUN

h.[ni'-+e]iner, i'l,f(q'(,ll('(, 10, ]ins studie<l theoi'eli-

cMly |le effect of I'|ior<l-to-lesl-seetion-h('itz, ht.

i'ltlio <)li iiie |low ov('r il dillniond llii'foil for liie
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(a Iqov< s>pavation ov(,r su(.liot, surfa(',': Mneh numl)('r (I)) Supersoni(' ;dhu.'he(l lh)w on sucli(m surface M:,(.h

0.tig. nu mt)(,r (I.7().

],']<v)tl-: 1. Shadow i)hot_)gr:tphs shov<i,L_ opli(':d dislorli(m ill 1"¢<o types t)f mixed ih)w ab(ml {he leading ,'_]_,' t)f a 12 °

w,'d_(' at :tn_h. of atinek of 7 ° and lh.ynolds mmfl)er of 1.(17 .. 10';.

('ase of ('hokcd tlow in lhe wind lunm,]. For

rood<rat(' vah,(,s of (.h(wd-to-heigh( ratio he found

limt th(, pl'('SSlll'( ' distribution over ll_e forward

sm'fn('('s of the nonlifting se(.lion was the sam(,,

for l)ra('ti('al purposes, as the distribution over an
i&,nti('nl body il_ unboun(h'd flow n! (,xa(qlv sonic

sp('('d. (hM('vh'v (r('f. II) hns obtained the sam(,
th(,oz'eti('a| r('sult fro' The asvmm(qri(' flow a|)ou! a

[la! plat(, at smnll angle of nlta('k. Th(' d(,('ision

to ('an'y out the l)r(,s(,nl ('Xl)erim('nls in a clos(,(l=

throat wind tmm(,l was prompted l)y the ('Xl)eC-

tat{on thnt this ('(luivah'n('(' wouhl apply also (o

0, W('(lg(' _lt :llIgl(' of _tl(_l('](.

l>)('('nus( ' of the tiny volu)n(' m'ar lh(' leading

(,(Ig(' within whi('h the int(,rvsling f(,a(m'(,s of the

tlow are pv('di(,t('(l to lic (r('f. 7), l)e('aus(, of lhe

a('('ompnnying sl(,(' 1) ('hang(,s of density grttdi(,nt.

whMi (.ause (lilt{cult y wil h ol)l i('al met hods (fig. 1),

and l)('('aus(' of lh(' n('('('ssilv to avoid (lisruptio)_
of the flow l)v ins('vlion of l)rol)('s, il appeav(,(l

(h,sirabh, to gnlh(,r ([ala with an X-rnv (hmsilom-

('I('I'. Ill ()II(' of [h(' |wo _,IIT_LIIg('I|I('II[S llSO(])

relative movemenl was re(luired l)(,! ween (h:nsilom-

etel' and (('st body. For stvuc'tura] as well as

ll('l'O(]3"|lI/llli(' l'('/ISOllS, il _,VIlS ll([VIIll'[_lg('Oll_ [O IIIOV(_

the ([ensitom(,ter wlth r('sl)e('( to (h(' fixed test

1)o(ly. Tiic livoi(hul('(' of serious ('onll)li('alion of
! hc inst allal.ion t him r(,n(hu'('d it inf(msibh, (,i( h(,r to

|)yl)aSs lhe si(h,-wall boundary lavm's or (o s(,al

('omph'te]y (h(, narrow grips l)(,twe(,n (h(' tips of

the airfoil and lh(' wind-tunnel si(h' walls. Thus,

int('rpr('lalion of th(' d,l(a r(,quired ('onsi(h,ra(ion
of ('n(l (,[l'(,ets.

WIND TUNNEL

Th(' Am(,s I- |).v ;',-fool sul)('vsoni(' wind tmm(,l

no. 1 is (h(, vh)s(,(l-('iv('ui(, ('onlimmus-ol)('rn(ion,

vnrinbh,-pr(,ssurc lyl)(', nnd us(,s (h'i(,d, filt(,r(,(l air

as lhe working fluid. For sul)soni(, Ol)(,ration, as

in lh(' pres(,n! inv(,slignlion, (h(' lh,xibh, floor and

('eiling of lhe l-foot-wi(](' nozz](' nr(' a(ljusl(,(l lo

form a smoo(h, symm(,tri('n], l,,vo-dlmensio]m[ ('on-
(rn(.tion fo]h)w('d bv a (>fool-long ((,s{ s(,(.lion

having :m al)l)VOXi))m((qy (,ons(a)l(. ]n, ighl of 34

iIi('h(,s. Sl)(,(,d is varied l)v (.hanging ih(' av(,n of
;t soni(" l[n'oat (]ownsiream of the {.('st. se('t.ion.

Ntagnati()n ('ondiiions in (h(, win(l-tunn(,l s(,t-

fling (.haml)(,v are (h,t(,vmin(,d from pr('ssm'(_

lll('llSlll'(qll('lllS_ I)V ]/l('ll[IS of nlllllO]n(v[(q's, fill({ fl'Olll

|(qlll)(,l'_ll. IIl'(_ lll(ql,',;lll'(qll('lltS, [).V lll('ltllS of il'Oll-

('onslantan lh(,rmo('ouph,s. A Sl)a('('=;_verage(l

value of stagnation (h,nsity is det(,rmin(,d from lhe

ltv(q'tl_(' ])I'('SSllI'(* and lo(,al (Olllptq'llltll'(' lllOl/StlFt'-

mt,nts I)y mmu,ri(.ally averaging (am'oss (he s(,l (ling
('haml)ev) (he local (h,nsilies as dt,lint,d t)y the

equation of sla((' for an i(h,al gas. Nominal Ih)w
('onditions a( various axial lo('alions (hrough (h(,

('on( va('t ion, t(,st se('l ion, and (liffus('v are (,s( ima((,d

f|'oln ]II('IlSIII'(qlI(UI[S ()f Sial{(' [)I'('SSlII'(" O11 l[ll('

nozzle walls in th(, horizontal plan(, of symmet|'y.

'['h(, prol),d)h, r(,lativ(, (,r|'ors in (h,(ermini|_g
absolu((, vaht(,s of pressure and temp(,valuve from

the measurem('t_ls are 0.5 and (').4 l)er('en(, t'eSl)(*('-

(iv(,13-, in th(, m()s( un(,(,rtait_ vases.

TEST BODY ANI) SUPPORT SYSTEM

Th(, lest l)ody, whi('h spanne(l (h(, widlh of the

t(,s! s(,('tio|), was q w(,(Ig(' of 12 ° apex angle and of
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I"

.00t5 radius _ -----J_

/ +o- i / \.\.

20 diYometer " _'" "_ -J +_ Y_

Seel groove

Mounting boss

A dimensions in inches

0 042 diameter orifices, fop and bottom

Mounting boss not shown

I"[l_:}lE 2.--'re_t h_ll]_.

6!:.:-invh <'hard having It Imattailed upper (sut.lion)

SUl'ftlCt' and l)lunt If'ailing edge as shown in [igurc

2. The slet,I airfoil was har<h,nt,d and the sur-

f,it'its "_Vtq't + ground anti ptilisht,d until the roug'Jtne,,+,+

was It,++ than 15 Inicrtlinclw+, root tilt,lilt S(ltlitl't'.

The lowt,r (prt,ssurl,) surface "e+li+ positioned at lilt

an_h, of 13 ° with respt,vt to tht, longitudinal axis

of the wind tunnt,l.

,_%llltit'-pre+sttrt, orifices were t|t't'tll1_t'd Oil the

uppcr and tower surfaces of the airfoil nclir the

leading edgt, as s]iown in [igtu'e '2. The _Inutwise

ditnt,nsi,ms giv.n in the figurc art, nonlilial;
orificcs lit ct:,rr,,,spt+ndinglo<'lltion+'+ on Ul)l)t,r and

Iowt, r silrflit't,s xx'tq't, displ,cvtl slightl.v l'ronl those
(trial t'd [tit' st rtl<'t tlral l't,ltsott,,..;.

To rcdttct, Illllili|ellitllt'e diflicuhit,s, lhc leading

t,dgt, wits provided witll iI radius of al)l)roxinilttely

0.0t}15 inch. The pl+ojcctod leading cdgl, (virlunl

wedg'c al)eX_ was lot'atcd in a l)hlnt' 3 inches al)ovt,
the ]ioriztlutlil ntedian l)htnt, of the wind tunnt,l,

and this l'ornlt,d the nxis for lilt, cylindrical pohlr
co<trdinates used to nnip the dt,nsitv lichl. Pohir

ill]_]cs were nwasured relative to the frt,e-slrt,ant

<lirt,ctitm. nnd incrt,ased in the <'ounter<'locl,:wist,

sense wJtt, n the [tow apl)roachcd frtml thc h,ft.

The lo.ver slirfaee ,-if the airfoil ihtts lit'+" in tim

phul(, x_ith angular ('<)or(lhlatt, 347 °, lili(l tit(' upp<,r

su]'fa('e front t]w ]t+a(ling t'(Ib_t' to the ritlg(, lint,

<)('('ul)i<d th(, plane with nng, u]tu" ('oordililtle 339 °.

"Pitt' (:i rtt,sitln coordinate systent shown in figure

") is It light-hand syslt,in ]ta-"- xllig' the x-v plant, in
t]it' for yard pt)rtion of the uppt'r stii'fitct' tint[ the

y-z philie liuigenl to the h,atlin_ etlgt,.
'l'ht, tips of the relil + ha]f <if iliv airfoil were

chunlw 1 to 4l+-htch-thick stet'] pltiit,s wlih'h

i'el)[lico I the 7-foot-tJhinit,lt,r wind-1 unnei wh_dows.

The +t;pp<:,rt, l)hitt,s had 3-hich htsith, dilinit,li,r

<'+vlhidrcli] hoh,s t;,ort,d +'on<'/,iitri<, with tht, axis

throuTt the prt/ji'('tt,d lea<ling t,tlge. These holes

<'ouhl I t' fhied its dt,sirt,<] with windows for tipli-

<'it|Iv v (+,_.lli_ ' iht, flow iiholll lilt, h,adht K (,d_t, o1"

with i] t, X-i'ilV th,n,_ilonit,ler equipnitqil+ _tVliiqi

i,illwr tlw whi<hiws ttl' IIw delisilt;llillqt,l" t,quipnienl

wt,rt, it slii]h'd, 7tit)s hlivili 7 it lJiit'kii+,'s+_ of {I.()01

hich ill tl it h'iigth ili ltw chi:,rtlwist, direction of

1_{ ili<'hes "+x+l,l'i, i)i'eseiil tit Ilw Ith'l'oiJ tips.

×-Rt¥ Eli Ill P:+.!i+:NT

The X-i'tiv <h'nsilonit, ler is it dvvh'e for Int'iiS/li'ilig_

the thq sitv of tt nie<lhun Ipc the al>soi'l)tion <if

_-'_-i'liy+_ ill lhnl nledhiin, l:or ilSl + in nh', lhe
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(lellsitomeh, r is designed to t_&e _ldvanhlge of two

ilnl)ort_ut properties of eleetron]agnetie wltve

t)rol)_tg_ttion through Itil'. Tile first is tile l'ehtive

op_teity of lilt" to X-r_.lilttion lit witve lengths

gr(mter thlul I Angstrom. The sl,(:oll(l is the

m, gligible refr_t('tion _111(ts('_litel'iitg of ra(liation at
those wl::e lengths by i]flmmog(meous air over

rehdively short i)Itlh leitgths. Thus, air (lensitv

its detel'ilfille(1 from the _d)sorptive (,har_t(,teristi(':

of _.l X-r_ty I)(,_HII ('orresI)Ot_(l uniquely to re('ti-

line_u' i)rol)_ig_ttion lmths throllgh tim _tir. In the

i)resel/ iilvestigldion, two lrrtlgelleilts of the

(hmsitometer w(,re elll)loyed: the so-e_dl(,(l "mu'row

1)lmm" Im'_mgement (Jig. 300) , Im(l tim "bro_N
1)e_mf' ;m'ilng('mem: (fig. 3(t))). A more (tehfiled

(tes('rilltion of the densitolileter equil)nlem thrill

tim! whi(']l follows is given in ;q)l)l'n(lix A.

Narrow beam arrangement. Tim m_rrow t)e_m_

;m'._g¢,me.t, here_lfl,,r ('_dl,,d _m'_mgenlen( A

(fig. 3(;1)), hil(l f(miur/,s whi('h met lhe gl, lmt'_d

re(iuir(,ments for X-r_n d/msiiometry in _lii' dis-
(,ussed in r(,feren('e 12. With .rl':mgem('nt A th('

_l/'_|:ilv [ll('tS/ll'('lllelll. Wl,g _l(.(.oml)lish(,(] by ('()Ill-

plring the intmlsities, _ls measured lly Geiger-

Mueller (tu_mtlm/ eommTS, of two ll_UTOW X-ray
beams from the simie X-nO" sour('e (fig. 4). ()no

t)eam w_ls directed through the wind hmnel _dong

_1t)_lth I)_lr_dlel to _1geliel'_lting elelne.lt of th(, two-
(limensiomd lest body, _m(I the other through a
reference ('lmmt)er wherein a known air d/msitv

('(mid I)e m_lintaine(I. Both I)(,_lms l..I tim Slllle

Imtl| length _md p_lssed through the Slulie mmlher
of windows. Thus, ill 1)rineil)le, th(' itverilge

delisity _llong the t)rolmg_dion l)_dh ill th(, wind
tu,mel w_ts the sllne is till' kllOWll (lensitv in lhe

ref(,ren('(, ('lmmber when th,, tmmA t)e_ml inte,nsity

w_ls e(lmd to the rcferen('e he_ml int(,nsily.
Broad beam arrangement. The secant] i/mmgl'-

ment of the d(msitolnel(,r. _lrrimgelnenl B, is

illustr_tted in figur(, 3(h). To milfimiz(' be_mi

divergence llll(1 ilttellulltiml (llt(, to Id)sorl)iioll
olitside the lesl ilir slreillll_ 1}ie X-rlvs were

i/llsse(I lhrough li l(i-f(i()l-]onl.." evlclllil('(t lllbe

wili('h V:il_ Si'l:llu'lih'd frolil ltie iiii' _ll'etlii t)V li

iliellilii'lili(' of orgllii(' sviil helie llllh'l'il]. Be('liilS('
()[ the I)rossUl't ' (lit'/'r(ql('t' tielwi'('u Ill(' win(I lulili('|

Cold trap

To

mechan,cal

pum_

Refereqce beam _ _.\_'

vorioble 0perture

Re_erence

Se,ger- Mijeller tube

To vacuum pump or

dry compressed off

To manometer

Reference chamber end

refereqce X-roy Deem

Rotatable

bushing

Tunnel X-ray beam

Oil _llT(IW-b('llIl lilT;lll,l_l'lll['lll, HFRtlI_I'III('Iil A.

Vi,ql-Rl_; :<}. :ltl'rlllgelilt'lil: (If N-ray delisilomeh'r.

Test body

Tunnel Gelg tube
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X-ray source
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X-roy generalor

To film-t32"

Magnetically ocluated

shutler

, i

To

vocuurn

pump

Tunnel wall

_To'

Dummy bushing

pump (stationary)

Beam of X-rays

Potyethylene X-roy film

terephfha$o_e

membrane

(})) BFOI|(]-})('C[III :ll'l':{]lR('llli'llt , Ctl [':l, ll_('lllt'lll }{.

I:](;UI{I'; 3. ('(mclud( d.

Test body

_f12 °wedge)

holder

[a vacuum pump

Reference X-ray beam

d

Tesl X-ray beam

Coolin( water

A To vacuum pumps

B Collimating lubes

C Adjusloble mounts (showing interior bellows)

D Generator body

E Spiral pancake filament (surrounded by cylindNcol

focusing electrode)

F" Target

FIt;URn; 4.--X-r_l)- Run(,l_itor.
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and tube, (he nwml)rnne sagged into the tub(, and

IH'Odu('ed a _(,-in('h gap at the airfoil tip. The

X-ray source (fig. 4 and app(,ndix A) flooded the
zone i)f interest in (lit, wind iurnlel with a nt,arlv

lmralh'l beam of X-rays. As in usual indusi,'ial
and medi(.al l'adiological l)ra('ti('(' (st,i, re|. 13), the

X-rays that (,merged from the zone of inter(*sl

t,xpt)sed a photost,nsilivo mnulsion, which was

rt,('(,ssed ().008 inch in the tunnel wall, and (bus

produced a radiograph of the flow fiiqd. Cali-
Iwalion inft)rmation ('onsistt,d of a series t)t'

CXl)OSUr(,s el)rained wilh wirit)us known wllues t)f
air d(,Nsitv in the lest section ,.lntier sial|(" ('on-

dilions. All negatives were exposed idcnti('lllh"

alld 1)ro('t,ss(,(t ('on('urrenlly. Analysis of the

radiogral)hs 1)v mt,nns of an t)litical dcnsitomt, it'r

then led to (lit, air' (hmsity distribution.

TEST PROCEDURE AND EXPERIMENTAL RESULTS

B(,fori, X-ray intt, nsitv suvvi,ys were made in

tlm lnix(,d flow about the l(,ading (,(Ig(, ()f ih(, test

l)()dy, ('ortain pr(,liminary exp(,riml,nts wi,r(, carrii,d
t)ut. Th(,se w('re initiatt,d l)v ('nlilwa(ions of th(,

air tl()w in tat, t,mp(v wind/unn(,l and t)y subsidiary

()l)l,ralion and ('alil)ralion ()f (h(, X-ray d(,nsi-
tomt, tt, r on a ti,s( stnnd. Fur(htw I)reliminary

(t,sls iuvolvcd opcva(h)n of (h(, tunnel with the
lost [)o(]v in th(, abs(,n('(, ()f the (h,)isit()metcr,

joint i)l)(,rati(m of d(,nsiionwl(w and (,ml)ly turret,l,

and ('alil)vaiion of tilt, (l(,)isi(omt,(t,r in th(' l)rt'slm('i'

of (h(, It,s( l)ody with no ll()w in (])t, lu)m('l.

Thos(, prt)c(,dur(,s whi('h iNvolv(,d d(,nsit(mwt(,r

opt,ration withtm( flow and (t,si b()dv art, (h, iaih'd

in aliln')l(lix A.

CALIBRATION OF WiNi) TUNNEl.

Experiments in empty tunnel.--Through the

range of Ma('h numl)(ws from 0.(10 1o 0.90 and

R(,v)mlds lltlnll)(q's [)('r foot from I X I06 to 5/I() 6,

stalic-prt'sstlv(' distributions w(,rt, measured (m
the side walls of tilt, empty wind-(unne| test s(,('tion.

From these distributions, gradit, nls were mini-

]nizo(I t)v a(ljuslnlent ()f (lie th,xit)h, floor and

t't,iling of the win(I (lllili(,l. Th(, final lt(|jllStllli'liiS

yi('hled a uniforni, slightly fllv()l'lil)|(' l)rl'ssur('

gl'adient, iin'ough lti(, lest s(,(qion as is sh(iwn in

l_gill'O ,_(ll) for ii Xlll('}l illliilt)('l' of 0.75. As (,lilt

})e st'eli frolll |igur(' D(li), the l'(,fl,l'lql('(' ()riti('(, for
this and all otli(,l" ('itaiions of ttlnnt,l sl)('('(l wits

?).0(i ('}ior(l ]('ligllls lll)strelIIll of the h,a(ling ('(lg('

of tit(, ((,st l)odv. The vei'li('ill l)osiiit)n was at

nii(lii(,igh( on tilt, wall ()f the wind tunnel.
54i13,q5 6o 2

=3 -2 -I 0 I 2

_" x Distonce from leading edge position
C ' Chord of test body

In cn

"li
il;0 l

-.8 -.6 -.4 -.2

Y Distonce from midspon
_-_ ' Semispon of test body

(:t) Longitudinal stati(!-l)r(,ssur(, distritiulion lhrough lest,

section at lllid-h(_it_hl Oll Willd-tlllill('] wall; Re,'ft

:= 3.8X l() _.

(|)) l))oun(ltu.y-layl,r t.o{al-l)r(,sstlr(, i)ro|ih! on st(It: wall at

|(!tiding-edge l)osil ioli.

|:It:VICE 5.--(lillil)ritlion of ('iill)lv wind tunnel :it Math

illinl|)('l" (}.75.

Boun(tary-llly(,l' I)rt)lih,s ()n the side wall of (lie

win(l tunnel n(q'(]('(l for (,vahllliing t'n(l (,Irt,(.is

were (let(,rnlin(,d I)5 lilt,lilts of inll)ll(q t)r('ssur('

Stll'V(_VS. Stirrers wt,re Inlid(' lit lh(, (,xaniph,
._[llcli iilinll)(q" of 0.75 anti t{t,yii()l(Is litlilll)t,i's ])(,r

ft)o( of 2.5,gXI() 6 |tilt[ 5.27XI(PL Figure 50))

shows the inll)a(,t 1)ressul'(' pr(illh,s so ot)iliiut,(I.

l,itth' ('hlliige in 1)oundlu'3+-lll3"('r (hi('ku(,ss due to

(Ioul)ling (he Reynolds lillnll)(,l' I)er ill|it length is
evi(hmt.

Experiments with test body in tunnel,--With

the test t)o(ly inslalh'(1 in the win(l tunnel, wall

i)ressui't,s Wl,l't! in(!ilSlll'ed ill the vicinily of the

h,ading edg(' lit, points vt'h(q'(' X-i'ltV Sili'V('VS wi'r( _,
to be hill(it'. These lll('llS/ll'('lllt'litS, lypi(.al

exanip|os of which lir(' sliown hi figin'(' (i(ll),

estat)lish that the |)I'OSSllFO disiril)uiions were
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substantially the same on I)(tlh walls (if the win,[

Itlllnel, ex('el)t at distances <>[ less tlmrl alioui

r/c 0.02 from the lea(ling edge where s(imt,

asymmetry af)t)c|u'cd. It lnav lie noted that liv

ineal_s of the gas law tt|ese [)l'(,,,4SIil'(, dislrit)uli(il_s
can be showli to be equivalcnl lo hical [h,llsilv

distributions on the wall since, it) a goo(I apl)r(ixi-

mation, the mea|| wall tclnl)eralure is equal l(i

the slagmiti(m leni])eraliu'e.

Further, sl)ai_wise (list i'ib|iiions of static pres-

sure were obtained fro,u the orifices oil ihe upper

and lower surfaces of lhe lest body. Typi(ml e_x-

anipies givell hi figure 6(t)) show that the Sl)liilwi_l,

vlu'iatiOliS <if 1)ressure ,were ill)l illldlil) till'gO.

Froiii sliltdowtrrlil)h t/lid sl'lilier(,]i ot)sei'vlilions,

liie effects Oil the tlow of clililiges in lUliiit,[ speed

and slligiililioil colidilions were <lUlilillltiveiv (le-

lernihle(l, lilid lilt' wind-tulillel coiilrol l)l/rltliielers

for slt,adv o(.(.tl]'l'Oli('(, (if flow i/llti('hllliqll W(,l't,

seh,cie(I ilii(I ('lie('lced for rel)elillillilil). As is il-

lusirlit('(I liv lhe shlidowgl'ltl)h l)i('tures (if figure "7

12

2

B. __8 _
u_ 2

E.6

9 "_4

g _

0

I
Pressure surface

3ressures

._) wo,,pressures

-(b)
I I I I I 1 I

-IO -8 -6 -4 -2 o 2

-----Y,Ratio of distance from midspan
[)/2 to semispon of body

ih) Slalit'-l)i'vs_ur(' i'ti:.,lrii)utioll .t]otig Sl;lali :it fixed dis-

taliC(! frolli l(,:l{tilig e(lge, +'"c =(I.. L5:'I14.

Suction surface

I I l

4 6 8 I0

FIGURE 6. (_olichl(te(I.

the ttow liiiactied lit It .\[l/ch lillliit)(,i' (if al)l)rtixi-

Iliill('[y 0.60, hTespective of li fivcfold viii'ililiOli of

l{cyliol(Is iitlliil)(,l'. Tile |ower Xla('h iillliit)ors

listed rel)rcs('iit the ill)l)('l" lhnil, ()[ Milch iilllii])(q'

for which lhe Sel)l/rtl.l,ed flow wits sliihle. Silili-

Re : I 2x 0 6 Re : ._ 5)< 10 6 Re : 6 2 x 10 6
: z

l"l<;tl{E T. -Shadow_r:q)h: showimz limiiill_ _[al;]l ;|tltnl)ers for stabitily of lw_) tyl)cS (ff lt(_w :is a fum'licm of ]{eyllolds

lilllll B¢'F.
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hn'ly, the hi,..,h(,r values correspond to the h)wer

limit of Nhu'h nuniht,r for mahilily t)f lht, attlwhed
flow.

1)ENSlT¥ SUI_VEYN

Densitometer arrangement A. lhfint-by-i).inl

SIlI'VeVS |]ll'Ollgll the flow tMd about the leading

edge of the lest I)ody were nltl(le wilh densitt)nieier

arrtlngenleni A at Reynohls lmnll)ers of 1.()87_ 10_
and 2.03 >( I(P and tl Mat, h numl)er of 0.7n,3 ± 0.00:L

,"4panwise-avtwaged vMm,s of densiLv were deduced
froni the tilne-averaged X-ray intensity dtlta by

means of the t)ro('edure oullined in al)l)endix A.

These values al)l)ear in lill)le l in ratio to values

of the stagnation th, nsily in th(, wind-tmmel sel-

fling t%nnl)er nunieri('nlly averaged ovt,r both

space and tim_,. Tllt,y contain sysletmltit' errors
due to end efft,eis whMl arise I)olh from the wind

tunnel wnll houndm'y layers and frtml the h,lll,:agt,

through lhe O.()Ol-inch ('h'llrance gal)_ tl,i. the air-
foil lit)s. It, wouhl l)e th,sirllbh, tt) rehlle l|lese

tzx't,rage vMues to ',a]ues whi_'h wouhl he ('harac-
leristit: of nit id(mlized two-dinmnsionM test. ITI)-

ft)rtumltoly this cannot I)e dt)nl, with the avnihible

data. I! is, however, l)ossil)h, lo estimate the

inltgnilude and directior of the discreplntcies.
As is showii ill lll)l)entlix A, tile lilOllSlll'el] si)tiliwise-

llverllge(t density vtihl(,S lire till ht,lit,vt,d ttl lie h)wer

liilin tile vnhies chllra('lerislic of ihe flow tit nii(|-

s])lili. The di._('rel)lin('.v i_ lit inosl l(,ss llnili 10

piTl'eltl.

The (h,nsil v rtllios ill a Xllich litliiil)er of 0.705

giVeli in lllbh, ] tire repl'i,si,nltilivi, ()f the Sliltlile:,l

ot)ening of thl' _OlliC lhr(inl downslr(,tlni of the

lest ,_ection (.4tieed ('()lill'()l choi,:e) wtiich wouhl

allow lhe stelidv oc('lirl'eliCe of trlill_oilit; litta('h-

inent,. _lliti(.-t)l'l,s._tire distril)ulions tilOli_Z ttie
Ivind-lunnel wall show ltnlt tim flow downstretinl

of tile lit)dr WllS sul)sollic, tlli(I il sinll)h, ('onsi(h,r-

litton involving lhe pertinent (T(i_s-se(qioiilll tii'('il._

._ll('<q'_ TM lhal for lhese (liitti, ('hoked flow could

lie1 exist at tile location of lhe It,st body.

When the speed ,'onlro] choke was opened I() ils
xvi(h,st vahle, the tunn(,l .Ma(,h nuinber rose frt)ln

(i.705_L0.003 Io 0.737-0.003, lind lhe ('ol'rt,-
sl)ondillg rntio t)f liiiliiiiilliii (TOSS-SeCtiolitil tll't'ti

al lhe speed ('onlrol choke to the nihiinnun cross-

soctionti] nret/al the l)ody lot'alioi_ iiicreased froin

0.994 to 1.01O. itowover, despite ihe fact lhai

the over-all pressure ralio developed by the wind-

tunnel drive wm_ nioro lhftn llint)le to produt'e

Slll)el'SOlii(" flow (IowllslrPtllil (if llie body, the

-°5° ' + _" i

tiN

0 Percem chord from

,_ :projected leod,ng edge

c _ 30 : o 1.54

_c :0 54 i

_; I Absolule humidity, 0 025 percent

" i i
<_ 7 [_-i Ti :

160 200 240 280

Angle from free-st,earn direchon,

[T:L
520 360

og_ /I I I _.1 ! '

o .... Absolute humldffy, _

E-Z0 percento 0025 !

0 350

_ O 4 8 12 16 20 24 28 :52 36

Angle from free-s>remm direction _b

(a) l)en;ily (!han_(_ due li) :in increase (ff Mil('h l,unll)er

froth I).71),5 It) 0.737,

(tl) ])en_ii3' c|ianlz[* throll_h ,4tl(ll'k wltvl_ for vari(>ll>

vll, lies of htlini(liLv 7 J[_<, 0.7(15, r/'c 0.1231.

Iq(_ult_: H. -l']lteo/ (if Mac'h lillnib(q' ._tll(| tiuinidily [in

densiii ,_ in the :lllll('h('([ IhIw IlIilIPI'IIj ]iJ_<' :2.(1::( I(I _i,

_.lowltslletlllt thiw I)etwet41 the body lllid the speed

eolllrol 'enulim,d sllbsonit'. Althollgh it, is 1)ossihle

that, cht,kilig did not lake place al_ tho body loeti-

tion, it, s t'onje('turett that wind-tunnel operation
then wis ('|nlA'liclerizl'd ])v lhe i)reseiico o[ lwo

S()liie l|lrolils, Olie lil. the body lociition, the ot,]ler

til tim sl)eed conlrol clioke. It, is in)led that; the

theory )f {hi(hu'h,v (ref. 11) predicts _ ('hokhig

_hioh lqlnihor for the t)i'e,_ent, tirrangenieni of
0.776.

With tcsl condilion._ ('htlngod oiliy IJZ the open-

ing o[ lhe Sl)(,(,(I conlrol ('hoko, siiilill 1)ul_ sysleni-

titi¢ X-I'll)" iliteitsily (:lnlnges were observed
lhrollgii)iit l, ho survey zone. Tiiese dll, ta, in

terins o" l)('rl'elilllg'o ('halige in donsit.y tit a point

in t.he tt,_w due to o])ening lhe st)cod control clioke,

tire she,, qi in figure 8{a). lnsl)oct.ion of lifts grftph

reveals lhat, llie density Ill, lliOSb Stil'VeX- points

above tire airfoil ht('rellsed sliglttly when tltt' choke

WilS op(ned, Oil lh(! el.her ]itind, the. density at

all surv, Lv poinls below the airfoil de(q'etised wiieli

the the _.(' was opened. The I)eaks very 11('I1,1'the

lipl)er s ll'fti('e showlt t)y rite ('lll'Vt,.,4 o[ iiglll'(, 8(11)
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can tic tra('(,(l to zolics ill ill(, flow where the d(,llsity

grli.di(,llts arc v(,ry st('('l). The 75-I)('r('el)t density

(,hatigo, for cXaml)lo, o('('urs ('los(, to th(, fool of lh(,
atta(.lim(,lit shocl,: wave, 'llid suggests that ut)-

stream lllovoluelit, of th(' llttiwhlll('ni I)oilil took

Ilia('(' whvli th(, (:hok(, wus Ol)('ll('d.

T(,sts w(,r(' I)('rforNl('(l to (l(,t_,rmilw tho (,fl'[,ci:

of huliii(lity Ul)Oli th(, flow l)atl('rli. For thi,_

I)Url)oS(' it (h'taih'd X-ray iHt(,lisity SUt'V('y WaS

ulad(, _lloHg a circuhlr tit'(: whi(.h w_ls _lt)proxil,ai(,ly

liorliial lo, all(t ])llssi'd through, /hi, ('olllpr(,ssiotl
way(' asso('ililo(l wilb lit(' :ltla('httl(,lil l)r'o('os:.

This sut'v(,y w_ts r_'l)t'l/i('d for t'ill'iOIIS Vil]llOS of

_ll)sohtl(, hullli(lity of IN(' wiml-tullllt'l (lit' slr('llill.

A_kS iS sh()'tVll ill figilr(, S(])), llll ill('['('U:(' of hului(litv

r(,sulle(l itl all ll])Sll'Olllll IllOV('lll(Hl| of lh(, wat'(,.

tl is ill(li(,ll/(,(I b.v ih(, liffur(, llllil a hullli(titv h,v(,l

of O.O0()L),5 poull(l of will_,r p(,r I)OuH(l of dry air

would if d(/tLI)l(,d, ('llusl, II('gligi])l(' lalOV('lllcllt of
the sllo('k w_lv('.

Nh,allillgful vlllll(,s of <h,ll._ity very near the

surfa('(, of the t(':t body ('ouht liot b(, oh(allied

with _ll'llsitOlll('l('l' Itrritllg('lll('llt A. })('('(l/IS(, flat'

surfa('('s of ill(' HIo(l('l w(,r(; d('fl('('ied slightly by
a(,ro(lvlillllli(" h)a(t: al_(I lh(i_ illlro(lu_'(,d vilrilltiolls

iN llllguhxi' il_t('lisil.v (li_lt'iliutioll of tilt' r('th'('i('(l

X-l'_lt's. Bet'(illS/' of ililll)iliiy it) clilibrlli(, llc-

(:urlll(,|)' for lhi._ ('OllSi,_I(,llll), ill(_ Silt'Ve)s wlw(,

iioiuiill|it _ lol'liiiliilt(,(l i;ll (lislltll('e,_ fro(l( tile I)odv

Sllrflil'e of 0.4(i-])er('eill: ('horll. |it Iwo tiillii(,l

l'llllS it wa._ l)ossit)h' 1o o|)tllili wlilit Itl)i)oltred l(t [)(,

SlllX'(,ssftll ('aliln'llt.iolis all(I SIlI'Vl'V._ (lifo Iii(, i'o-

Jli,(!ti()li ZOli( b illl(I (hitil, w(,ro l'(,('ol'(|o(1 for l)oiills

closer to ilio Slll'fltc('.

Densitometer arrangement B. hi d(,nsilolll(,ier

liri'lliigtUll('lil l_ lh(' )__-I'li3- sour('¢ wits t)osiii(lllc(1

vi,i'v lil,ui'lv oil lit(, uxis lhrougli Ill(, l)l'oj(,(.l(,(I

h,ll(lillg (,(Ig(' (if the l(,_l I)odv. |l(,l'tillS(, ()lilt

liiillOr i'(,th,(_ti()li (,ft'(,('is W(,l't, (,ii('Olllil(,l'l,ll wilh this

lil'rliligOllil,lil, il wii_ I)Ossibh' io ol)lliili illl(U'l)rc.-

lllltl(' l'('silhs lo wilhill 0.1{)-f)('r('('iil (']l()r(I (if llic

_/ll'fil('e. For lliis l'Oli_(lli, .'4/lrvl'v_ Ill lh(_ l('st

('(lii(]ili(tll._ e._llliilisti('(t for iiri'lilig(,lii(,lil A wert,

dul)li('lli(,(I wilh lirrliilgluii(,iil I/ ill (ti'(l(u" Io glilhoi'

itll(lili()ilill iiiforliiilliOli li(Iji/('oiil ll) lh(, ,_ui'fli('(,.

B(,('lill,_e (if itl(, :l)eC(I with whi('h rlilliOgl'lil)ti_

(.oul(t It(, lul,;(,ll, it wii_ felt_il)h, 1o X-rli.v lho

s(,t)aral(,(l ttow Ill/lit,i'll wiii('h I)l'l,('(,(l(,(I tillll('ll-

lilt,ill, q'tie,_e rll(li(igral)hs ill/(| oihei'_ ilikt, li ill

exlr('lll(','_ (if ill(' win(I-luilll(q l{('VllOl(I._ ilUiilt_or

i'lillgO provid('d lilU('li of (hi' (llllli flir (tel Oi'lllillilig

ilw i'tl'('(qs of l{(,vllolds liUllil)(,r lilili ._hl('h lilt(tiller

(ill [ho flow ])llll('rii. TIlt' 3" l)rovod also It) Ill,

iii(li_l)ell_lilih! iii ]o('liliiig lilt' :lligllllliOli Z()ll(' Oil

lit(' I(IW(U' _ill'fll.('(' (if ih(' body illi(l ill (l(,l(,rilliliillg

i]1(' size Illill _[llll)e of l,[i(' sol)i/i'll, lioli 1)Ill)lilt'.

PO._iliV(' lirilll: of ,_l,leci(,(i rli(iiogrlll)[l_ ill'l,

illusil'al('(l ill figure 9. ill l]l(,<_l' ilhisiriltiolis, llil,

wltit(u" hu(,_ ('oi'r(,_l)on(I Io low(,r vlllul,,_ o[" lh(,

(l(,ll_ily; l hi' t)lllc'lcs, to high('r. ]/('t;liu,_(' i ho

(l(,li,_ii.\' l'itllgO ('ovei'(,(I I)3 lh(' tilili cx('e('(l: lilt,

hllilu(](, of Ill(, rl,l)ro(lil('lioli l)l'O('(,s,,L it (h,iilil(,_l

i'(,ll(lili(lli of till 1)orlioil_ (if ih(, flow field is iill-

t)ossil)h, (ill II Siilg](' lil'illl. B('('i/ll<_(' of lhi._ (litti-

cull)" t)i'inl<_ ])i'(,l)lir/,d frolll ltl(' _liliiO ll('gi/liv(! I)ul

[iliVilig (lift'(,i'(,llt (,x])O_ill'(! lilll('._ liro ili('lll(t(,(l for

(,(It'll of ill(, illilsil'lll(,(t flow ('Oll(]iliOllS.

|_'_)1' I'Oi/_()ll_ (lis('li:,_('(I ill lil)t)('ll(tiX A, i]1¢

lilisohil(' [l('iisil.v vlilu('._ (h'du('('d frolii Ill(, l'lidio-

(ti) Siq)ai._l(,(t lhiw. 31o t).11141.

i:ii;vitl+; 9. -lla(ti(igi'_q)hs showiiit_ l_,v(i l.yl)_'_ of inix(_(t

ll(iws at)l)ul :l _lilil' 1) lt,,tililig o(tg(' :it :l [{(,yll(il(is llilllll)(!r

of 7.0).:{ 111_i.
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(_>) Alt:wh(,d flow, .M_ 1.7q7.

]:Jcl'r:.: 9. (_(_l_('ht(h,(:.

gval)hs ar(, h':s v('lial)h' thatl thos(, ot)tairl(,d with

aH'a_lg('.lcllt A. arid _'o]ltaill SyStOillati(' errors of

tHlktloWll Hmgtfilud_'. lh'ca.s(', h(v_v_,v(,r, of (lwir

utility ill tra_'illg _'o]_stant-(h, llsity lill(,s ill th(, ilow

ti(,hl. (,sl)l,('ially ill tilt, ll('igid>orhood of th(' s('i)'/-
ratioH bubbh., v('l'laitl vaht(': tlavc I)(,_,rl iHd.(h.(I
ill table I.

RESULTS ()F THEROETICAL CALCULATIONS

:'ks was t)oilll('d out ill tt., iHtro(l.('til)ll, th('

illvi._('id sol.tioll to tilt' l)rol)h'm of tilt, ilt_'litlt.d
liar l)hlt(' at .\Ia*'h llu.d)(,r I ('ot_tai_ls tilt, ,_t:lli(_

l)t't'ssUl't' ill tl.' s,'l)arati(>=_ t>ut_t)](, as a. assigHal)h_
l)arat=_(q,,r. Th(,r(,for(,, withi_l th(, fr=._.,w(.'l._ of

th(, i_,vis('id th(.ory, a_ i=lfi_lit(, fat.ilv *)f ,_(>lutio_s

is l)ossibh , at giv(,_ a_gl(' of atta('l.;. _o.., vis_',._s

tlow ¢omlili()H is _.o_st,(lU(,ntly nee(h.d to r(,mh,r

the l)robh'.l _ttii(ttw. Th(, l)rCscnl sittmtiotl is

COml)h, ti,ly aHalogo.s to th(, t)robh,m of th(,
ittvis_,id flow over _l s.I)sot_i<' tlit't'oil wht,rt, tit(,

Kutla 'o_(liti()r, at th(, t,'ailit,g ('dg(, i._ r_'(tuir('(I.

Fortm_ _/(,ly, a :imih.' ('oll(lilio_l i_l ill(, form of a

r_'quil'(, l).('l]t oil ill(' l)J'O('Ct'ss ()f _llI_l.('hl'H(,lll of lh('

:('l)_ll'_tl '(lbo._(tary lav(,r h_l_1)('(,ore(, availabh'.

Althou:h thl' tr_,_tmtg_t whi('h follows _tl)l)li('._

_l)('('iti('dlv to 1).r(qy lami._lt' atla(qm_('_lt of th('
t,ou.d_rv ]ay(,r, _t similar tr(,alrl_(,llt ('a_] r(._.lilv 1.,

giv(,n_ l) thl, 1)ro('l':s of 1.rl).](,_d-I)(_._(la_'y-lay_,r

atta(q_z H'Ht (r('f. 9).

(_ONI)ITIONS IN ATTA(_IIMENT ZONE

('h;lI 111;[11,l(Hl'hN, alld l,_|l'.gon (rl,f. _) })o.v(,

d('vl'lol:('d _t th(,¢)rv of lh(, _w('halfi,_ whic'h

(l(,t_,t'mi_,s th{' :lali(' l)r(',_:ur(, iH a :('l)aral.t,d

r_,giot_, a.(I hay(, (,stablish(,d a _orollllry r(,lalio_

b_.tw(,i,_ lhl' ._lal'h H.lld)_'r _)_ I1.' b(_ttt.lat'y ()f lh('

:('l)aral,'d r(,gio, a_ld the N[_l('h _H.ld)('r _low_-
slr_,atH of att_wh.,(,Ht. This ('rit_,ri(m is t)as(,d

.I)O_ t _t, as,'_u.q)|io_s that th(' t>()mldary-lay(,r

thi('l,:n(,¢s is ]_(,gli_it)h, at :('l).'lvlltio]_. th(' tlow is
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udi_dmti(', nnd the s(,parnled t)oun(hu'y laym" is

huuimu' nt hmst through tilt' tl[ll/(']llll('lli, ZO[|('.

For the ('a)se of h'ading-e(lge St,l)nrati(m under

study, all lh(,se nssuml)tions al)p('ar reasomtl)h,.

It) SUl)ersoni(: flows the atla('hm(mt ('riterion

ctln lye l)ut into _t t'or]n r(,lnting _ln('h number on

the I)ul)ble boundary with the [low deflection
whi('h ensues as a result, at tlu' al,tn('hmen( 1)rot'ass.

Since specifying lit(, _ltwh numl)er iml)li('s fixing
the slnti(: l)rcssu)'( ', and since this l)ressiwe is

assumed t() exist throughout tit(' })ul)bh' for (he

inviscid solution, these r(,sults, obviously, rehll(,

the hubl)h, s('_ti(: pressure to the (h,th,(:lion angl(,

nt atta('hmem. Unfortumttely, (hisr(,[alion (',in-

hal b(, imt)()s('d on n g'iveu l)odv a I)riori I)(,(',ttus('
thv I)ul)bht slmpe, nnd thus lh(' (h'[h'('tion nngh,,

is not ],_llOWIt unlil n t)ut)hh' l)r('ssm'e hns 1)('an

ussigm'd _nd ttt) invis('id s()lutiot_ Ires been oh-
t,_int'd on the trusts of lhis l)t'('s:'a,ttr('. To sttlis[\"

this t'equirelnenl pn'visely therefore, ilernlioll is,

iu gvnt'rnl, required. Titus. the ntlnck use(I here

was siml)13 that of selecling n huhl)h'-edge _ln('h
ltlllllll(q' of :2.£0 for l[t(' initial trinl vnhw, ('nh'u-

httin g lhe inviscid How t)y lh(' nwlho([ ffiven in

Ul)l)(,tulix B, _ttl(I then <'Oml)at'ing lhe r(,sttlting
vahw of d(,llt,<'tion _tngh, with (lint rt,(ltfire(l t,o

satisfy tlw vis(:ous at tm:'hnH,nt l'(,]tl|iOttS ()f r(q'(q'-

(,n('e S. As will l)r(,s(')nly bt,('ome (,vi(h, nt,, tlt(,

ngr(,(,mt, tlt n('hi(,v(,([ v<_ts st)ttieiently good tim!

ftn'th(,r work ",x'_ts (h,enm(l unne<'(,ssnry. Th(,s(,

(.ot_si(h, rntions nre el)itotnize(l in ligur(' 10.

Figur(' l0 shows, first, the r(qntion between th('
lh)w (lath,orion mtgt(' nt attachnt(mt and th(' _hwh

tmntl)er on tlt(: l)olm(htrv of the S('l)arat('d layer

ns pr(,di('te(l l)v th(, laminar nlta('hm(,nt theory of
r(,f(,r(,t)c(, 8. ('tn'v(,s m'e shown troth for (h,fh,(_-

o_
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Theory for inviscid flow of Moch

O 12 ° wedge with lower surface

[] Fiat pEole el 13 ° angle of

attack

Present

calculations

number one Ret.7

reclined 13 ° _,

':; 1 |
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attachment = Ref 8 / /

Obhque shock compressioW /

Prondtt Meyer- compression z

t 5 4 5 6 7

Locol Moch number upstream of otfochment zone

FIGr]tI,: I0. lhqaliotl l)(dwt,(qi Mtt(+h tHlnll)(,r all s(,l)a-

rat, ion str(,:tmlitH:, and flay.: ,:h,lh,(,ti()n at :tltt|(_h+tli(!lH.

lions associated with an ttlln<'h(,(l ol)li(itw shock

v<_),ve and with a l)randtl-Mt,y(,r (.()nq)ression.

The predi(:te(I flow deile<'tion tlngles which :u:('m)>

[),'tny purely Innfinnr _Itta(,htnent ttt'e s(,e)t to I)(,
mod(,rat.e itt mt)gnitude wlmtever th(, sup(,rsotfi(-

_Itwh ))utul)(,r on tlt(, |)ul)l)h+ boundnr3. In fnct.

t, mnxinmtn (h, lh,ction of only about 121.:° is I)r( '-

(li(:h,d for a Mn('h ntttnl)er of til)l)roximat('ly :_;.

Also, ns is ohvious from tilt' tigur(,, wh(,lh(,r th(,

nttti(4tment l)r()(+('ss tnl,:es l)la('(, ns n lq'an(ltl-

Nl('ver ('Oml)r(,ssion be;+eath the foot of lhe sho<'l,:

wtlve or as a tut'n tt;ro_q;l, (he obli<lu(' wtt','(, tit(+'

l)r(,(li('te(l <h'lh'('tiott nnglt,s tn'e (,ss(,nt.inlty lh('
,'-;tl I I I (',

Th(' (hqh'<'lion ,ngh's for the invis('id lh)w, whi('[i

r(q)r(,st, nt tlt(, r(,su](s of (h(' I)r('s('nl (mh'u]nlions f()r
n .N'[_:wh )+.umt)t'r of 2.S0 on lit(' l)uhl)h, l)ouv_(htry,
nn(l tit(' <_nl(mlnli())ts of ]'(,f(,r(,n('(, 7, for +t l)ul)l)h'

l)ountltlry Ma('h nulnbt,r of BY;g, nr(' t_l,'_()i)t(4u(h'<l

in [i_'ur(' I0. Two vnlu('s (tf d(,lh,(.li<)n nngl(, nr(,

l)lolt(,d t_t (m<'h of lht, giv(,n _l_t(.l) numl)(,rs. Th(,
lesser values <'()rr(,sl)On(Is t() the ll<)vc i_l)t)ittg'i_lg-

on Ill(' Ul)l)('r surfiw(' ()f the 1)nsic [ln l l)lnle, v,h(,r(,us
rh(, gr(,at(,r v_tlu(,s of (h, lh,+.(ic))i mtgl,, al)l)ly It)

ntttt('htn('nt ()n n sitar l) ",v(,(lg(, having n n()s(, nng](,
of 12 °. Tin,s(, bttt(,r vnlu(,s wt'r(, foun<l hv th(,

n(hlition ()f lhi(q<m,ss t() (h(' hast(' lhtt p]nt(,, whi(.h

does not tilter th(, invis<.hl sohtlions 1)rovi(h,() the

l)ody sial)(' r(,nmins (liscontinuc)us tit the h,a(lin_

edge and lit(' ti(lavht)wnt sho('l<, why(, (h)(,s not
inlhwtmt' lh(' Ul)strt'um zone of sul)soni(: lh)w.

Th(' (h,lht(.lion nngh, in ('tt('h ('q|s(' was tlt(')) ('stah-

lish('d l)3 tlt(' inters),(.tion of lit(' (._il(_uhil(,(l Sel)n

rttle(l str(,_tmlin(' with the a(hh,(l tq)l)er surf(w('. It

is s(,(,n (hal (h(, d(,lh,('tion angle fat' th(, w(,(Ig'(,

(.orr(,sl)on(li]tg" to the l)r('s(m( solution <'()ml)nr(,s

v(,ry ft_voral)ly wit, h lh(' vttlu(' pr('(li(!t('(l l)v ))it'arts
of the ttlln.('hliienl th('orv for _t M_wh nun_l)(,r of

2._().

It is l)('rhal)S worth ]toting thal il hns l)('(m imli-

('al('(l so fnr thal l[w ([ir('(q I),'ol)h'm of fin(lil_g lh('

lh)v< t)sso('int('d v<ilh n given shnl)(, of Ul)I)('r sltrfa(+( '

('_m lye solv('<l I)y lh(,se tn(,thods o,tly I)3 lut,nlts ()f

m_ i1(,rn(ion l))'o('('ss. Almost trivial I)3 ('()ml)ttri-
son is lit(' trivets<, i)rol)h,n)of fitting _t ('<))nlmtil)h'

Ul)l)(,r Slll'ftl('e Io tt given lht,()r(,ti('nl lh)v<. All lhnt
n('('(l I)(, don(, in l)rin('iph' is to al'rnng'(, that th(,

surfa('(' int('rs('('l th(' S('l)nrnl('(i sl r(,tunlin(, of l,:nov<n

Mn('h nu)nb(,r nt the nngh, Sl)(,('i[i(,(l l)v the (.urv(,

of ligur(, I0 nn<l that tht, rt,su]ling att_whnmnl
s[|o('l.,: wiry(, IiO[ nfl'('(q th(' Ul)slr('ant s)ll)so_li(. [low.
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Presen? soluHon
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I i I
O ,005 ,oi

%

Thickness odded to --

simulate test body

Stagnation

streomline

(:t) (!omph't,, separatio. I)lt)t>h,s.

I"l(',t't{I.: 1 l.--('tmq)arist)n of inviseid flow fields atiout a tint, plato at, at Rio of alt'it+k <:,f 13 ° and fl'eO-str(,:tnt Mach tmmh,'r

1 for t.,vo v.thu,s of Maeh number on the _eparatitm stl'uam]ino.

A ntultitu<h' of Upl)Or surface shapes, (tot neces-

snri|y tlrd, o|)\iousl\ vmi |)t, st) c(m._truclt, d for

each .f tht' tw<t given invisrid flows.

CAI,(_UATI()N OP iNVIS(3D FLOW

Thv inviscid, irrolational flow ll})()ut n fiat |)|Ill('

airfoil al anglo t)f atln('l.: of 13 ° was cah.uhtlt,d for
a free-streat, Mach immln,r of (mitv Itn(l for 't

Mad( nuntl)t,r ()f '2.,RO on lho sel)ru'ali(m slretim-

lint'. Tin' tfl'lnils t)t' this cah'tlhltitlll arc givt;n in

Itl)li(,ttt[ix [_ and lit,., .":,(l'et/lll functi(m so ('al('u[ated
is l)l'eSenlt'd In (allle II. Sali(,nl t'(,atm'es of |hi,

thIw lit'hi at'o (,<)tnl)nr('(I ill figur(' 11 wllh l]w

fcaiurc_ of the thin tit,hi given in rt,ft,rcn(.(, 7.

Sl)eeilically, lilt, l()('alions with r('sl)('('l lo th(, air-

foil tit' separation sl,'t,amlinos, limiting Mn(+h

waves, and so,lit, lim,s art, ('olnparc,I. Th(, flow

field showtl rcfcrs either to the tmsiv (hit |)lute or

Io lh(' wedge. The fh)w lines stop al the "t hi('l.:n('ss

atido<l" line wIn, n the wedge is t.onsid(,re<].
The Nlat'h numl)er assigned i(i the S('l)aration

streamline in the cah'tdations of r('feren('(' 7 was

5.SS, a valu(, just high ('hough that lh(' limiting

Ma('h wart', which divides tilt' in(t,M(,l)('n(h'nt

|nixed fhi\v portion t)f the IMd from the indt,-

l)(,tt<l(,i_t all-sul)e,'sonic portion on tin, upper sin'-

fact,, (righml(,d at the leading t,tlgt' (fig. l l(h)).
In col stl'asl, tilt, Math numl}(,r nssign('d t() lh('

S(,[)lll't(i JOlt S| roamli ne in 1]w ])rt,sold cast, was 2.£0,

and the nt,w ('altqtlali(ins ])ul, th(' foot of tilt,

limitiua' Ma(.h w_tv(, upon the SOl)arai('d sift'oral|m,

0.045-l,er('oli( chord ba(.k t'rt)tll lht, h,adini. _ (,(Ig(,.
Thi,s, is is t'xt)lain(,d in al)l)(,nttix B, tit(' sul)sonic

th'|d I)t C<)lii('s del)t,ndenl Ill)oil tim 1)ulfl)h, ])rt,ssllre.

Tho inost profound offecl of deorolisiiig lhe

SOptll"t.I ion stroalnlino Xllt('h Illilill}('l" ['F()ili ,'_._ tO

'2.S0 is soon in flgltr(_ 11 (at tO bO it g'rowlh (if lilo

Sopltritlion lml)tll(', in the ('llse of the woilK(', fi'(tit)

It ]englii of 0.3£ 1o 1.59-I)(,rc(,nt (,]ior(], li fii('l(li" of

Itl)oill t:. As It corollar.v (qr(,rt, ill(, pt>rlion of ill(,

SOil|(! lilt(' which d(ql,riiliit(,s tho shllt)(' ()f the

hubt)ie for tile l)lat(_ grows liv a factor of (tit(lilt. 10.

'This lziowth, tiowever, ([oe_ ltot, a|,¢,o ('xteud to the
bul)l)h' lllic](n(,ss. Thtts, tlio ])ul>bl(, of" ri,f(,i'(,il('li

7 for ll_s(,pitrntion %Inch nunl})(q' o[' 5.SS r allliollgh

shoFtor ll('lulilly is iiot Its sleild('l' (is |hlil. f'or the

low(,r 3_IIt(.h Iltiilll)(,l" of 2.S(). ('OilSO(lltenliv , the

tlliglos o[" ini(q'st,('iion of this })ll])})l(i bo/ill(lliry

l)oth w th tit(' lop surflt('e (if the th/t plale lind will(

the toI_ Sltt'l'lll'( < of lho 12° wodgo Itro gl'oili(q' {hlili
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]q[;URE 1 l.--(_oncluded.

the intersection angles of the hmger 1)ut)t)le. This
more fully illmninates the vari,ltion of at ln('lmu,nt,

angh, with Ma('h mmzber upstream of attae]mlent.

for the invis('id solutions (fig. 10).

Despite tim rather lqrge differen('es in bul)l)le

sizes it, may be seen from figure ll(a) that the

sonic lines and limiting waves are displaced only
slightly from one another. Tim contours of con-

stant Ma(,h number in the subsonic region (not
shown) exhibit progressively smaller differences as
the Math numl)er in the field de(u'eases below 1.

This is t_s was expected at the on|set of the calcu-

l'dions (see appendix B). The stagnation point

is at 0.16 l)Cr<'ent of the ('hord from the leading

edge -a value indistinguishable from that for the
origin,d ('alculations.

As is exphtine(l in al)l)emlix B, the present

method of ('a|('ulating the shap(, o[' the separalion
bubble is dift'erent from the method used in rei'-

eren('e 7. A comparison between the two methods

was eft'ected by using the present metho(l to

recomlmt.e the })ul)ble corresponding to the bu})})le

boundary Maeh munber of 5.88. It can |)e seen
_i46395--60--3

from figure l l(b) that the two methods produce

solutions in satisfactory agreement.

DISCUSSION

ITp to this point, the experimental portion and
the theoretical portion of this investigation have

been treated separately. A method bqsed on

siinple known considerations of viscosity hqs been

devised for representing a viscous, mixed flow past

a sharp leading edge 'tt a .Math numl)er of unity
l)y ,'m invis('id model. Concurrent wind-tunnel
measurements have been carried out with a test

t)ody and for th)w conditions which al)proximatc

those stii)uhtted by the theory. It is now pro-

t)osed to ('ompare wn'ious features of the experi-

mental results with the corresponding features of

the theoretical findings wilhout dwelling on the

justification for lhe wtlidit,y of such a comparison.
Sulti('e il to state that there is no ,'q)t)arent reason

or, the I)asis of present, knowledge to exl)ect large

qualit,ltive differen('es between the experimental

flow in the imme(tiat(_ neighborhood of a body in
the close-throat wind tunnel under choked-flow
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conditions and the theoreti('al u))l)Otlnded ttow past
the same body 2t! a Ma('h mm)l)er of exactly

unity. To 1)e Slll'e, there are ltitlllle)'ous l'e'lsoI)s)

stemming bolh from experimental shortcomings

and theoretical predictions, for expecting quanti-
tniive dilt'erenees between the two tlows. I[ow-

ever, tlwse ditreren('es, it is believed, I)e(.ome small

enough in tit(, region of in(crest near the leading

edge that vnlid eont'hMons ('an nevertheless be

dl'ilwt) ['ronl lhe ('ompnrisons that will be ma(le.
;ks a preliminary to these comparisons it, is

advis'd)h' to examine the exl)erintental results from

an over-all point of view. To this end tigure 12

has t)eeu 1)reparcd. It shows the experimental

tlow fields as defined by their density contours for

the test rang(' ()(' Revnohls numl)ers and Math

numbers. The ('onlour plots shown were obtained

from l'aired ('uvves l)rel)are(l from tlw data of table
I. The slm('k-wnve locations wet(, taken as the

lo('us t)f I)oin(s of nmximum densily gradient anti

were extral)O[ated (o intersect (he surfa('e to pro-

vide a ('onveni(,n( measure of bul)i)le length. In
mosl eases shown, whether or not the flow was

eomple(ely sel)arated from the upper surface, the

sonit" lines (p,/p,--().(_34) tend ht approach the lea(l-

ing edge fFOlll slighlly upslream, which suggests
that they touch the leading edg(, on the undersi(le.

The stagnation 1)oinls indicated are from analysis

of the radiogral)hs and are all located 0.56-1)ereent

chord from the lea(ling edge.
It is noted that the fields which are chara('le,'istic

of attached flow are remarkably alike throughout

the i'al)ge Of test eondilit)ns. The inerease in

Math number from 0.705 to 0.737 caused only a
slight change in lhe pattern, including u small but
deteetal)le (h,erease in the distance front the lead-

ing etlge to the fool el' the shoel< wave, whMt can

l)e inl(,rl)reted as a (h,('rease in bubl)le length fl'Ol)l

51..;- tO 4a{-peccent chord. This was inrerred in

eonne('tion with the earlier presentation of figure

S(a). The measured density rnlio at, the edge of

lhe separation bul)l)le has a value, (feb, trained l)y

analysis of all of the data in table I, of 0.165.

There was a slight tendency for the bul)l)le size

to decrease (front 6- (o 5-per('ent chef(It when the
Reynohts mnnl)er was increased I)y a factor of

al)ou( 3 at a eonslant Maeh number (compare

plots for Re--l.0X106 and Re=2.7X106). This

relative insensitivity to Reynolds ram)bet change

is in ngreement with the theory of ret'eren('e g for

l)urely ht,ninar ,itta('hment. According to refer-

en('e _, a ('hnnge can l)e expected in altnt'hm(mt

condi'ions it' boundary-layer (ransitiou wet(, to

take )lace within or upstrea,n of (he attat'hment

zone. That the attachment l)ro('ess was (h, finitely
all I, ninar at, Reynohls numbers l)elow 3.5/,,10 _

lint xxas 1)ossil)ly (tans|lionel or all turltuh, nt at a

Reyndds tmmber of 6.2X1() _ was deduced from

exam nalion of the negatives from which the shad-

owgral)hS of tigure 7 w(,re made. (]orro|)orative

(,vi(le we thnt the atla('lmwnt at Reynolds nun>
bets less than 3.5X10 Uwas all laminar lies in tit(,

t'aet t[tat the average density ratio across ),he foot
o[' lit(, alta('hment shock wave l'or the (]ala shown

in figin'e 12 is 1.65±0.08, a value satisfaelorilv
near the theoreti('al predi('(ion of 1.63 for a I)ul)l)le-

edge ,h'nsily ratio of ().I(15 (ref. 8).

Figwe 13 coral)ares s('h'('(ed fea(m'es o1' one or

the e: l)erimenlally (h_termi)led flow patterns with

the avaihtl)h, eorl'eSl)Onding ('ah'ulated I'ea(ures.
TIt(,())eticnl <'ontours were not oI>taine(l l'or

p/pt<_0,(134, exe.ept on (he l)ul)l)h,. For the flow

al)ov( the body gross difl'(,renees in (h,nsi(y con-

tours are ('o)dine(| l)rineipally to the region n('ar
tlt(, s( parer|on l)ul)l)le.For the (heoreti('al ealcu-
laliorJ_ it was assume(l that (he Mach tmml)er on

the l)ul)l)le l)oun(htry was 2.g0 and the sul)se(luent

detert,fi)mtion o1' the bul)l)le shal)e iml)lied, as

show) in figure 10, lhat this t)ul)l)h'-edge Mn(,h

numt):r fullilled the theoreti('al requirements for
landnar alta('hment. Tiw exl)('rinwn(, however,

vMds a value of 2.30 for this Ma('h numl)er, which

eorre,_l)on(ls 1o tit(, average density ratio of I). 1155.

()n, possil)h, reason fi)r the diserel)_m(.y nmv 1)e

that the solution found is 1_ot unique, and l|m(, in

fact, two or more theoretical solulions can l)e

el)tat)ted and rel)res(mted in llgm'(' I0. That is,
if the,)r(,tieal, invis(d(l soluti(ms were av'dlal)h, for

oth('r values of l)ul)l)h, l)ressuve (or whqt is (he

same, the l)ubl)h,-edge Ma('h )mtnl)(,r) they might

show in figure lf) o(h(,r inl(,rs(,vtions in a(hlition

1o (h( on(, already obtained. If this I)(, (vu(,, then

se]eel on of tlw prol)er solu(io)t wouhl have (o be

made |)y inlrodueing an a(hlilional consideration

such 2s h,asl (,nlrol)y rise through the .ttta(_hment-
ZOlle sho(!k WllVe. B('('_lllSe, llS C)III |)e shown

tea(Ill ,"l)y m(:ans of lhe inviseid (h('ory, a de('rease

it) l)u )tie boundary Mtwh numl)er toward unity
l)VOdu('es an increase in tmbt)le lenglh (oward

infinily, it, is eviden( (hal a new e'l](qilalion of (he

invise d flow rich| for a bul)l)h'-('dge Mqch m)ml)(,r

of 2.a_) wouht produce a long(,r tutti)h, than (ha(
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FIGURE 12.---Exl)erimental density col,tours for various _[.tch miml)ers and l_(,yllol(ls numbers.
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1"[[; _t [_[_ 13.- (!(.ul)i.'i_(In h('twl,('n th('or('tica,1 and ('Xl)(_ritn('ut'd d('usity c_)uh).r: a|)t).i l(mdim4 (.dg,,.

shown for u Ma('h mHul)t,r o[ 2.S0. Thus it

a l)j)t'ars l)ossihh' thut su('h a th('on'ti('al solution

w()uhl ugrc(, better with the _,Xl)('rim('l_t:dly

d_,i(,rmint,d th)w ti(,ht thatl lhal given.

.Anolh('r rcIL_ott for at Mist part of flu' dis(,r<,p-
tln<w l)etw(,(,n l'(,alttres of the ('Xl)(,rim(,nt;tl it}i(|

lh(,or(,ti<.al St, l)artttJ.on })ul)l)h,s si('ms front tt ('on-

c('pttml diili<'uliy whi('h aris(,s whim ()m, attt,]nl)t_
to rt,<.(m<.ih, th(, mo<M for it,, iJlvis(.id flow alta(.h-

m<,nt I)ro('('ss with tit(, m()(M tot lht, "+'is(,ous ttow

atta(,hm(,nt i)t'()(.t,ss. Th(, mo(h,l o[ l|i(, a|ta('h-

merit l)rO<'t'ss a('rot'(ling to the ittvis('id theory
rcl)r(,+,,uts th(, s(,I)aruit,(l th)w hy th(, sinFh' (listitt-

guishin+z f(mt tit',, of thc XI a('h tHtml)er on the })tll)l)h'

1)oun_[arv the |)otm(lnry I)l,mg 'it lh(, sqlll<, time

ihl' (lividin F str(,ilnilhlt' 1)(,tvce(,n it (h'it(1-it_ir i'l,gioit
wilhin lhe 1)iil)l)le lIJlti /lie invi+('i({ ()lll('r fhiw.

()it ttl(' othl'r huntl, ilio iiio(|l,1 o[ lhc tt.14ucllln(,nt,

])l'(l(.(,.,.4s til.(.or(lill< 7 to tht, VISCOUS (ti('oi'V d('+('ril)('+

tilt' tlow in solnl,whqt, 111o1'/, dct'lil. It (listhi-

_uisll(,_ I_('i'w('en tlie (livl(ling _lr(,uni]in(, whi(_h

se|)iil'illeS ill(' i'('vlq'_('(i flow hl_i([[, tile 1)ulili](, fl'oin

I,liilt which lJro<'(q'(l_ (](iwii_irolilii> an(l lh(! _lr(uini-

line oil lll(, t)ut)l)h, t'dgc wlli('}i (h'liinils lhe vis<'id

and ilivisci(l |)ortJolis of th(' flow ()'(,t'. s). Thus

()lit; (_illlnof ho[)l_ (Wel' t(i tt('lii(_v(j slinllltnti(,otls

ligl'(,(qillqil. I)(!t,w(qqi lht, i'(,,_i)c(,liv(' lheori(,s lis hei'(_

(h,s('rili(,d an(I (!oniliine(I in the Iniillor (l[' t)ul)l)le

size lin(| 1)llhl)il'-iqlgo _[a(!h nlliiiliiq'. |t" lho

}('lib'ills ill'i' io l:le nilii(.]le(1 ushig tile (liviilhig

._lr(,l/nllin(' I1_ R (q'ilerion, lhe re,_ti(qqive Xllt('ii

l/tllllt)lq'_ l.hlq'(!Oli i!iili (lisligre(, t)v li |ill'gO fill.lilt"

1)<,(.liHs(, I|1<_ dividing _ll'(qlinihl(, ili t il(, vi._<.l:tiis

('tlS(' is hi<ull(,(t in iht' nii(Ist ()1' ill(, inixing ]livlq'.

()li tlit_ ()lll(,i' hliii(I, if liul)t:ll(,-c(lg(, XI.li<'il nllliitilq's

lii'l, lo 1)(_ nill l.('h('(I, wiih'h wlls llie (.o111';.:>(, ])iii'Sllt,(|

il(,i'(,, lh_, i't,slie('liv(, 1)ut)l)h, l('ligths i_illl (ti_ligr(,t, lw

il l(,ligt [l lilt' orllt, r of t,ht, l)oltntlilr)-ili)('r i [li('l,;li('ss,

i;L (litlli,nsil-in wlli('h n('(,(I not }it, li(,g|igill|e when

(Xilii])tire(l lo the 1)tit)hh, leliglh. In vi(,w o[ ihis

(lis(.ri,l)IHi(.)+ l)(,tw(,i,n the two lht'ort,lh'iil lil(t(l(']s

oil which iho (.li]<'ili;lliOll_ ill'l{> hils(q{, il is 1o l)e

('xl)o(d.i'(I lhlil, ev('n lholigh l|i('(tl'_" ilii(l ('X1)tTilii('iii.

ShOlli(] ilg'l'l'(' with l'l'g'ilf'(t {o liul)l)h'_-('(lg_' }|iich

lltiili})l'l' llit,.v sliouhl l)e i'xt)e('ie<l to (ti._llgl't'l' wilh

i'(','.4|l(,l"l |o };itlli})](_ ](,il71 It.

]_'ui'liltq' 1)o_,_it)|(' r(,lisoii_ for lhe <li,_(.l'(,I)lin('i('_

I)('lw(q'li Ill(' ('xl)(q'ini(qillli].l <l(q<,riiiin(+ll lin(l ih(;

('il]('uhil(,(| l)ul)l:lh,s I11'(_ t%v() hn|itTt't,l'lion,_ ill t.ho

("xt)(q'ini(qil+li nrrlingl'ni(qll iilniloJV, l.]i[' t]iiilo
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ihi(.i,:n(,ss o[ Ih(' h'a(ling ('dg(, and Ill(' uns('ll]('_l

gaps ill Ill(' lih'J'oi] lips. ]iisot'lii' llS lli_' tql'evl of

ll'tiiliug-i'(ig(, hhillllleS.,.4 is ('o11('1'1'11('(], ii i_ kliOWII

(riffs. 4 lin(] 14) llull it _ut|i('ienllv ]ill'gt, llOSt, rlidius

iu ('Ollll)lll'iSOll l() the bul)li](, huiglh will ._ll])l)l'(,:.:,s

('Olill)hqu].v Ihl, fOl'liilili()li (if li _(,l)llrliliou bubl)h,.

]qJi'('tlll_,e in lh(' l)r_,s(uil ('lis(, (tlg_. 2 Jill(1 13) lh('

h,li(iillg-i,[lg(, i'lidhi.,.; is snui]l wh(ui (,oillliUl'(,d h)ihe
tmt)bh, lellgl[l, il is l)eli(-<ed ihul Ill(' efl'('_q of

t)]uulile_s Oil Ill(' flow l)nll(u'u i._ uiso sliulll.

Tile _fl'ecl (it' ihe glil).,.; al lh/, iil)s iuis nh'(ui(ly
]ll:,(!li (]i-_(_lis,_(,(] ili_Oflll' I1_ lhi,ir illllllt,ll(,t, Oil ill(,

two-(lin(qisi(tiui]iiv of ih(' th)w is ('on('(u'ue(I.
]]()w(;vl;r, in nddiiion hi lhe lw(i-(iilii(ui_i()ua|
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('tl'('('t tht_ h,akag'e through the gnl)S wot:hl tend to

in<'r(ms( _ (h(_ mass fhvw whi('h hu(t to b(, s(.aveugt+d

from iusi(h, tit(, |)tLbbh, aml wotfl<l l)rodtw(, :m

"Ol)('n" t.vf)(' of mixing t)ro<'('ss of lh(, kiml dis-

<_ussed by Korst, Page, and Chihls (r('f. 9).

Contintfiiy v(,qtfir(,m(,ms thus would n(,(_(,ssiluI(_

_t sotlw',vhut htcg(,r bt[Id_h, tlmn wotdd b_, tw(.(,ss,trv

if rio ]('al,:+tg_' wt,rt> 1)res(,t+t. Forttmnlely, SOlllO
imli<.+Hion of the m++g+nittl<le of lifts ell'twl cat+ })e

gained by e<)m I)t_viug" th<' btdd)l(' l(mgl tt as obtaitmd

with (h'tlsitom(qer arrangt,ment A with lh'+.!

obtaim,d hy m(,m/s <)f <](,nsitol_wter arrang(,m<,nt B

at sul)stauti_dly i(t(,t_ti(ml ael'odyn'ltui<' <.ou(iitions

(fiKs. 12(1>) and 12 'e) It will b(, r('e_dl('d tlmt

the _ql)S with tLrraug('m(mt A w(,re 0.001 iu<.h,

whorens with :m'm_'('J+wnl B llw g_t) belwe('n <)m'

tip nnd the film stn'faee xvu_ O.OOg in('h and lhe

gn I) between the other tl 1) alul the men([)rnue over
the evaettttted tube was about )Giu(.h. Thus, the

h,'tk_lge with arratt_'elnenl B w+ts +It le'tst _+ight

tilll('S l[Itt+l, w+th ttl'l'tlt|fft'lll('ll| A _tt t If(' ()ll(_ tip and

ii|tlli\-tllOl't, tlmn eight litll<,s lit th(, other. A

('olll[),tlris(_tt of f[_'ur(++ ':, 12(t))tll+t(t 12(('), ]low('v('r,

iu(li('ut(++ 'lhal I hi> I)ffld)h, h,nvlh +_sso('iat('d with

:_rrangemt,nt_ 1+, is little, if auy, (litt'tq'ent from
that ass()eiatt,d with ,n'ran_'etnet_t A. Thus one

uan stifle thttt, the efl'e('ts ()I' tip leakng(, on the

l)uld)h' length w('r(' uo g'r('t_t(,r with tu'rnngenn,nt

B ttmtt th('v were with tlt'l'ttttg('ttltqlt A.

The ditf_'rt'n('e_ b('twe('n the t'xperh,wntully
dettwmine_l utul the _'_d<mlt_tud btd>l)h'_ u>dde,

_ttlel)lioll i_ II('Xl _'+dh,d 1()d[,t:_il(,d (]('IL":,JI.v <'olll-

1)_lri_ons u_ (h'f)i<'ti'(l in liguru 14. Tht,su r(,sults

nt'e l)h)ttt,<l in the snmt + form _t+ the (lislt'il)titi_)1_

of wtt]] l)r<'sstH'e_< it++[igtn'e 6(u'), lu this f<)rm, the
_l_'lll'O (!till })I' int('rl)veted ns |)l'eSeltthtg it+ ltl('ttStll'( +

of the 'Ig'r('t'tm'ttt l)t, tw(q,l+, eXl)(q'it|l(!l+ttt[ an(l

lheot'eth-tl <hmsilit's at tlxt'<l h)('ttl[ons ill the Ih+w

field. ]t _1_', +})(,(>bs('rv_+d that v,h(,r(, _oml>m'iso_}s

exist, th<' ,igr(,u_u(ml is, on th(' whoh,, gull<' s_tis-

f_wtory <_x('ept in tht' regiou uear the 1)ubbh +

1)oun(lary v,h(,rt' dtq_sity rntios nre less than 0.23,0
:ttt(I h)(ml _[ach uunl|)ers t,xl.e(+(I 2.0.

Figtn'e 15 presents ,_ tbpi(.td _.ottq)t_rison of

theory with both G-M ((h,iger-.Mtwlh,r) (.otmt(,r

(l_Lta (_trrat_g('tmmt _t_(l t'a<li<)gral)h (h_t_ Ou'-

rtmg(qnent B) fur tl ra<l[us t'tltio of 0.()154. It (.an

])t' S('t+t! lllnl the r++di(>g'r+ll)]) (l+tl;t ++gre[_ well wilh
th<'orv _lml the G M <'otmter (later onlv for the

larger ttngh,s (i.e., for the sul)suni(' region)+ 'I'h<,

disngrt_('ntent _t lh(' lower nt_gh_s is not uu(h'rstoo<l.
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stream N[ach nuudlor of uuity is plotted versus
ditm+,nsionless distant'(' along the lower surfa<'e.

Except for the <lis('repanr'y near the, stagnation
I)oitlt, the agr('emt'tlt bet wo(m thet)ry altd expcri-

merit is good.

Finally, it is of iuter(,sI, it( viow of th(' oxp(,ri(,,<,(,

gaim,(I in attl,ml)tilzg to cah, ulatt, the ossontia]

ft'attH'Os of the flow under study, tit speculltt(, upon

the ttw('hanisms involved in the pro('oss of tran-
sonit" attach((writ+ lfin(ls(,v and Lan(h'um, rt,fi'r-

en('v 4, obs(,rve that, as the speed is im.reasod,

atta<'htm,])t twcurs when the sul)('rsonic rt,gi(m

near tilt, h,a(liug t,dgc has growtl suili('i(,ntly to

|)rot(lot(, tho l't'(|uh't'd docr,,,tlst, ill tho u|)wl/sh lit,

the h'ading edge. Wood, rt,f('r(m('(, ].4, hypot|lt,-
sizes tirol a furth(,r fa('tor which truly infltl(,n('t, tilt,

t)r(l<'(,ss is tho illtcra('tion <)f the t(,rminal sho('k
"sVIIVt' Stl'li('t/il't' %Vitll lilt' sel)nratt,tl lnyt,l', ntiat'h-

lilt'lit 1)(,big t)rt'vt'ntod lttllt'SS tltltJ until the illtt'I'-

_I<'liOlli'o_iOll has |(toyed far (,tl(_ii_Ii(low|(.,.;it'(q|||(

that itshifhwm'e ('an,lotbe foili:tttho h,a_Ii,tgedge.

In addition, it is now proposed i. this r('t)ori, for

hodios ('tmti)urabh, to that uu(h,r study hcrt,, to

regard ;tttachm(mt primarily as a natural const'-

quenct' of it lowt,ring of iho l)r(,ssuro in tit(' S<,l)a-

ratod region. Tht, _Mditionld tuct'hanism rt,sl).n-
sil)h, is the conthim,d s_'avt,l_ging action of the

I)t)un(hu'y luy('r h,avi.g tilt, trailing ('tl_'(' on tit(,

undt,rsid(, of tlw body atltI tit(, sei)arat('(I laver

leaving tht, h'adinz t'tI_'(,. As soon as souic (.()n-

diti(ms arc esiabiisht,d at leading and trailing

c<lgcs> the ",val<<'I)ocomos cff('('tivoly isohttt'd f't'ottl

tit,'std)sonic fic](laim the wal<o l)ro,_sut'otllclt

l)e<'omcs dt,pendoltt primarily upon eomliliotts

eslahlishedhy ill<'ptmqfin_ _wtiou of Ihv rt,slW(.-

tiw' h<_umlarv hLvors. As tlt<,soui<,liue ;ittlw

hmding edge ('onlimt<,s to ]t,n_lll<m with im,roasin_"

sl)oe(l, the Si,l)arat(,_l hlyl,r over tho Ul_l>('r Sul'fa('('

is fort'I'll It) ('tlt",.'<' Itt,[)l't' +tltll ]tl()t'(' IowliM the Ul)p<,r

SUt'l'llt't' _lS It rt'sllJt t)f tht' ittl]){tlgoliit'ltt of t'ollt])t't's-

si()n xvavi']t, ls fI'ottl |hi' sot)i(_ liu.. Xlt,auwhih,,
lit('/low ou the lower surfii_'e at tht, trailiug t,<lgc

begins Ill t'Xl)ttll(J tlr()ttli+.{ (hi' ++()rner. Wht,ti lho

st't)aralcd lavt,r finally iJul)ittges Ul)<)n tho wake

ft'<ittt tilt' [tixx'+c't' surfa('(', tJlo stag(' is set ['(it' the ruphl

esialdislltllt'nt of the nttat'hi'(l fh)w ('ol]dition,

l)('('tltlSt' it then l>(,<'onws l)ossihl, f.r lht, ])rt,sstlr(+

in the rogi<m ht,twt,t'n tht, ('t)llx't'rgtqtl slrt'nt,ls to|)e

nluch less than tim prt'ssuv(, ill tho dowustt't,ani

wakt+ _r(ffs. 8 an(| 9). Sine(, tim mass flow s('av-

(,ngt'd t)y the s(,parat(,d laver groatly ex('t,l,ds tile

mass l!ow t'(,vt,t's(,(I t)y the ('oah's('tmt'e of the layers

from upper aml lower surfaces, the pressure falls

rltpi<tl - and tht,reftwo the hmgth of lit(, st+parai<,d

rt,gion must dl,(q'(,as(,. Equilibriunl t)et'omt's t,s-
iablisl_('d when tim alta('hmt,n! mort(, has move(t

upstri,am to a position wht'rt, lh(' m_lss tlow

r(,v(,rsed into Ill(' bul)bh, is just (,qtta] to thai,

s<'av('tlgt'(l l)v tilt) s(,l)arat(,<l lav(,r.

CONCLUSIONS

A lheoreticat and ('xl)t'rimem;d sit.iv has
l_(,(,tt mad<' of a two-(lim<,tlsiomtl Itsvlnmetri(_

II'+tllSO lit' IIow past +t shlu'l) h,a(littg t,<Ige. 'I'll(+
('Xl)t'rim('ntal t)ortion of th(, stu(Iv vi('hls <h,iuiled

dt,usit_ distrit)utious as ot)tuiu(,(I hy mt'thods of

X-ray d(,nsit(unotry in the zone from 15.4 Ill

within 0.77-1)t'r('ent ('hoM (tf tlw h,._ling edge of

a 12 ° wedge. Tht' lower surf+.'(, was i.('lint,<t 13 °
it) tht' air stroam ill Ii ('h)s(,<l-lhr<);ti witld ttmrlo]

opt, rat.it ttt,ar the (,hol<ittg .X[a(.h ttutuht, r t)v(,r it.

l{t,vlt(l(ls nulnl)l'r ralJgl, ]'('()ill ]>(1() ++ t():'i>+ It) 15.

I_'r()in hi,s('surveys ave (h,l(,rmint,<l lh(, ]o('aiions

of the stagmttioti point, soul(' ]itw, boundltry <)f

Sel)ill'Itli()tl huhhh' tilt l,ht' u|)por sui'fll('(', ll.lld tllo

vlihio ,if lit(, i()('liI .\Iiich llullibor (tli the but>hie

o({g('. Ttio iht'orotival l)orli<m do,<eJol)s li lll(qtll_

for t'ol)ro._olithi 7 _ltl litil)()lttidl,d vi._(.OllS l]ow itl ii,
frl,o-sltonlll .'_[nl'h tltlliiJ)or of l I)v nit itivisl,i<l tlov¢

so ('ho.+('ti I)y+ J<.iioxvti iht,ort,ti<,Itl votisi,h,i'iitiolis ()f

viscosilv |IS It) slliisf'y vis('()us l'(qltlil'l'lllt'tllS ill it
sittg'h' :)<)Jill iti iho fiehl. A voiil])Itris<m of tho

i'(,Stl]IS o[' th(,s(, lxvo i)ot'liolis of l}i(, sttldV show, +,

th;lt, il g('ltt'i'it[, the <'s.'.:,('itlill| folttlii'os (If lh',' exl)er-

itii('lillt ly" (t('lorlilili('(I flow ('lili I)t, I)rt,di('io(I 1)X" lho

t h(,<)r(,t i(,Itl nl<l(h,l.

Exl)(i'illi(,iil litid l]it,or 3 lil't, iii ligi'(,<,itl(,til with

rogiir(I tt) the fo|hlwing Sl)t,('i|i(: dt'iliils"

(1) t'Ithios ()f lho (h'llsiiy Itl lixed h)valiotis in
lilt, fh)x+ fi(,l<l hi r(,giolis (t]' llte tl.w xvhorl, lht, ](wal
-_lll('li t Illiit)(,r is 2 OF l(,ss.

(2) lnsl'nsitivilv ()f tho tlow liOlii' lh(' |olidhil.C

(,(11._o ttt ('hllli_('s iii l{cvnol(Is iitilill)(,i'.

(3) _'Ithl(,S ()f th(, j)l't,S_lll'(, <,o(qt]<,h,ttt <)ii lho

]()wcr stii'flit,t, of iho Itirf()i] i,.\t't,l)l vt,r_ iil,lii' ihe

slltgliltl i<)ii [)<)iiit.
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The ihcor(qi('ally (h.t(.i'lnincd ttow fi(.hl does

not agree quaniit:ltiv(qy wilh tl,e oxperinwntally

dct(,rnlii,('d flow fichl i. tlw malters .f (.) length

of SOlilli'lliiOii l>ut)t)lc, (t)) Nlli/.h llliinl)or oil 1)(lt)t)l(,

(,([7o> till(| ((') lovlilioll of stilgll'itioll l)(tilll. Oli(;

l'('a_()li o[['(q'iqi for lhis lack of ligl'l_(,iil(,li| in it

l)ossit)ilii.v thai the th(,or(,ti('ii[ SO]lltiOli is iiOI

Ulii(tU(' ;ill(| lliill liilolh(T sohiiioli in h(,ll(q' ilTi'('c'-

lllelll with oxl)(q'iiiioiit (,xisls. Alioih(,r is Ilia! ihl'

('Xli('riiii(,nllil llrrlliig(qllelil dhl iiol siiiillllil(, ,,villi

sulti('iclll il(_(!lll'li('v the coil(lilhili: (hqnlliith'(| })y

i l i(,()l'V.

A_f.ES ]'_ESEA]_.CI! CENTEll

_ATIONAL AERIINAIVI_I(','4AND _PA('E AI)MINISTH, ATII)N

.XIoFvE't"rFIEI,Ii,('Ai,IF.,.|¢_f/.25, 151.'_:)

54_;:lD5 6O 4



APPENDIX A

DESCRIPTION OF X-RAY DENSITOMETER EQUIPMENT, DENSITOMETER OPERATION, AND THE
DENSITY DETERMINATION PROCESS

The l)ttrposes of this appendix _tre to descvil.,

the X-t'+tv dt, nsilonlt,tt,r al)l)_tt'+ttt|s , t,xplain how

it wns ()lmvnted, antl [ndit.ttt(, tilt + ])at'tivttlnr whys

+lit' (h'n,'.dli('s were dt'tt't'mined b 3 X-rny :tl)SOrl)tion

(r<,f. la). In .11 prior _tt,rotlvn_tt'nic :tpplications

of the X-rnv d(,nsitt+ntt, ter known to, th(, +ttttltovs

(e.K., rt'fs. 12, l(i, 17, 18, I.(), 20, )l)td '21), h'ss <'Otll-

i)h,t(, suvv(,ys th.n (host, dis('uss(,(l in this rel)Ot't
hnvt' l)t't,n ninth' in sitnl)h,v lh)w l)nt terns +t)t<l these

sut'v('vs httvt' l)(,(,n nt'('omplish(,d hy moving tlm

lh)w l)att('ru with vt,Sl)(,('t It) nn immol)ih, X-v:_v

l)t,unt of I)3. s<'nnnin_ with +t nitrt'ov¢ l)(,.ml with

on(, <h,gr(,(, of fr(,t,(lom (rt'f. l(i). It is l)elh, v(,(l

t lint tlt(, l)t't,st, tlt invt,stignlion rt,l)V(,s(,,ttts tlt(, first

at((_,mpt to (tirol with th(, )':ttht,r diflit'u]t l)rol)h,ms

whi('h .('t't'u(' wh(,n n l)ntl(,rtl is surv(,v(,(t Witlh fl,

tmrrow I)(.')m). mov('(I r('ltttive to the flow pp,A, tt,rn

_t.<] hn,'ing thor(, th:tn one (It'gt't,(, of fv('e(lom. 11

is furlh('v l)('li('vt,d thn( th(, t'n(liogr.l)hs l)rotlu(+t,(i

i)t lh<, l:V(,s(,)tt inv(,stigatio)) rt,l)rt,s(,nt (h(' first front

v<hic'h <'xl('nsiv(, :tt'vo(lyn+tnti(' (littit for it f.irly

('omph,'_: l]()w fit,It] ]++;iv(, l)(,(,n <)l)lnin(,<]. It is felt+

tlm( th(' eXl)(,rim(,nl.l v(,sults :u'(, of sulli<'i(,nt_
int('t't'st to ",,'+'ttt')')_)tt n vnth('," (h'tai]('(l (h's('ril)li<)n

of tlt(' tpl):it'_+ttus ('volv('(l for ol)tnining tht,tn itntl

of its oi)(,v.tio)t.

I)ENSITOM ETI,_It API)A RATIIS

l'h()t )gv_il)hs of <l('nsitotnt'tt'r nvrnng('nt(,nt A.

ittstitlh, l nt th(' wind tunn(,l .r(' shown in figur('s

17 :tn(l 1S.

X=ray generator,--The strut'tur<, of the X-r'l,y
gt'ttt'r:ttor :is us('(l in Itrt'_tt)g(,m(,n(, A is ilhtstrnt(,(l

in figut(, 4. Tit(, (h'.wing, +l ('ross se<,tion on the

(:t) ( +,(.nt,r:tl

21

vi(,v, )it;rt)l,'t] tt) tunn(,l w:)+ll. (It) Whr(,(,-(iuart(,v ",,i(,xx.

l+'l(;tltl+: 17. X=ray (Jt,nsitom(,t(,r It)'l',lllg,+.,))l+.+)+(. :_+ troth X-r+.t 5' (l"tt+.'<InittinK sid(,.
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I(.) ThI'(,(',-([u_lrI(,I" vi(,w.

(([) (!lo:(,-t, I) from satl,_, tiilgh_ :t_ iIi ((!).

l:I(:_I¢_: 17. ('()i,liliu('d.

(c) Close-up ,_howing rc_f(,l'(_llce chamber, with lm:_t shield,

all(| rof(_rcilc(_ (ioig(,r-_l_(l(ql('r c(_ul_i('r.

I:[(;t;RE 17. (?ollchld('(|.

l)|llno (if horizolllal synilil(qry, shows lh(, ('cllll'lil

cavily of ltio wlil(,i'-('oolo(I I)l'lis,_ hou,_ii/g wilhin

whi('h tho X-l'llvs lii'(, l)ro(hl('('(I, liilll th(, two

cavity exl(,iisioils whi('h li'liiismit, llll({ shltl)(' l]lo

luiiiiol X-riiv t)oiliil lill(I Ill(, rl,f(,i'Oli('(, X_-i-li)" l)oliin.

As i._ showli ill figlll'(! 4, tho 0.0.50-iil(']l-(li'inioior

tUligSl(,li lill'gi, t, was (,]ll[)(,(t(h'(l ill ll ('o])j)('l' sltl(|

which ill tul'll wils s('row(,(i illlo li llll)p('d hob, in

the wall (if lho ('oilll'ill ('llvily. The (,|(,('ll'Oli gllli

ooiisislo(J of li tian('lll_;(' sl)iraJ fiJllnl(,lil (if lhorilllc(l

{:llllgS|(,ll il_ li SOlll'('(! (if (,h,cli'oiis which Wii,_ Oll-

(,lose(l in II 7/-iil(,]l-(Jilinl(,lOl , (',CJiliilrirlll J)(,lllil-

foriniiig (,h,('ii'(t(h, of lli(.k(,l. ()ll(' tiJliillOlil coii-

(Ju('loi' lili(t lh(! J)l,liin-fol'inilig (,lcclr()ll(, wor('.

(!oiiii(,('l(,ll (,h,clri(!lilly t)ui ilio gllii il_ li wlioh,

wiis isollii(,(I oh,('iri('lllly fi'olli llil'g(,t 1)(li('l/lilil

(gl'OliliiJ) t>v inoltli_ of _llll/(I-olt' lill(t l)'i,_,_-liil'Oilgh

glliss insullll(ir_. Til(' lllrg(,l cxloil(h'(l lhi'()tigii ll

Jiol(, ill lilt, (,il(t of lJi(, Jl(,lilii-foi'liiiilg (,h,(,Iroih' lililJ,

fOl" liiaxilnUlil X-rliy I)(,_ilii illl(,ll_ilv foi' giv(,li

powof ililiUl, lli(, eli(1 of ill(, llli'gcl. ',vlis tliish wiih

lh(, iiill(,l' _lii'flic(, of lh_, (,lid willl of th(, J)i,lilii-

fol'nling (,Iocll'o(l('. Tho l)hlll(' (if lll(, fihilnoill.
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l:mt:r+: 18.--View of tut,n(,t window i)lalo and Geig('r-

,Mtt(,lh,r e(,,Illll(,l' oil X-l.tt3" r(,t'(+ivin_ side+

spiral was al)oul tI.11I inch from ill(, suvl'at'e of Ill(,

lal'get.

Two hoh,s in opposite walls t)f flu, tti<.kel cyl-

in(h,t' 1)et'milt(,d a portion of the X-rays genevalt,(l

at the sm'fa('e of lht, tat'g(,! It) pass out of the

('entt'al cavity and into each of tim t'avily exten-

st<ms. Each varify extetlsitm was essentially a,
('()llimnting tul)t, whi('h ('onlnin(,(I O.OlO-in(,h

diamtqt,t' al)i,t.l ttt'es.

The tube whi_'h tvansmittvd the tunnel X-ray
I)t'aln had two such al)ertures in ot'det' to ntinintize

beam Sl)rt,ad , and ttltns t't,flc(.tit,n prt)l)lems; how-

evtw, the it,lie tt'ansmitting the t'ofct'cn(.e l)cam

had httl one. The ('ollimaling tul)es were ad-

justal)le with l't's[)t'<'i to the X-I'IIV _,('II('I'+|IoF

]tOtlsin_; t hcit' nxos <'ouhl b<+imlividually iranslat(,d
whih, lhe generator was in t)l)evation st> as to

I)hu'e each in lit,, with tit(, spot of most intense

X-vadiat h)n from tit(, tat'get.

The (,xposed (,rids (if the collimating tul)es wet'(,

e(lUil)l)ed with 0.(I012 ineh-thi<.k (+ellol)hane win-
th)ws. [+t'<'ttust, ('olh)l)hane is pet'n]eal)h, to the
xvatof nmle(,uh,, antl l)ccaus(, other snntll h,aks

tyt)it'al of such an ('n('h+suve existed, the ('avity
of the X-l'tty g('ll('t'tltof _,v[I,s (,o]lIl(_('t,,(q| to a ct+)]l -

vent iotml, ('ontinuously operated va<'uum t)umt)ing
systom. The pt'essuve within the ('avit+v was

ntainlained at h,ss than 1()-'_ mtn Jig for stable
pt'odtt(,tion of X-rays.

The _tnodt,-to-(.atltode potential of the X-ray

tube was continuously adjustable in th(, ra,ge

1000 to 7500 volts (dit'ect current) and was regu-
lated to ill l)ev(.enI. The t empt't'ature-linlited

etlliSSi( IX (qllTel+t Was nlso l'ogulat(,d tln(l ('Oll-

tinuou:dy ad.iustal)h, and ('ouhl lit, set at a.nv Vallle

within the t'ange 0 to 0.05 tttll])l,l'l,s. ]h)wevct', at

t)ow(q • inputs ttl)ov(, 13t) watts tat'g(,I melting was

eXl)Criv m'ed.

The X-ray g't,net'at(w tls used in ar,'angement B
hail tm ('ollimating al)m-tuvt,s. "l'ho <'hilt't, sut'fa(.e

0[' []te X-I'IIV tal'get could lit, +'st,ell" [l'oln t+ll<.h

1)oinl in the ])l,m(, of tht' tilm except for ('(,t'tain

points in the neighlmN+<+[)d of the test I>ody. T<)
l)vevenr ]n(m+ndesvtqt<'(' wit|till th(' X-ray tub(' from

exposing t,]l(' filltl to visil)h+ light, a SUl)l)l('nl('ntal'y

aluntinum-coated flint of l)oly(,thylenc t(,t'(,l)h-

tim|at(, <'()','(,t'(,<l the r('guhu' <'ellol)hane window <if
the collimating tub(,.

X-ray beam positioning and support.--For
arvatq..C,.ment A, lit<, X-my g(,m,ratov was linked
to the vvin(I-tutm(,l wall it_ sm.h a ]lltl.lllltq" that the

0.(tl0-i I('h-dianltq(,t' X-ray hi,ant whi(.h (.tossed
tim tt,:+t se('tion _'ouh! b(, made to destq'ibt, a

cylin(h r about the virtt,tl h,a(ling (,dge of the test

body (fig. 2). The radius of the hi,am l)ath was

(,slal)lish(,d by the c('(.enlt'i(.ity of a hoh, in a
(3qimh't(ml 1)ushitLg of st<,(+l. T]tis h oh, ('at't'i(,d lhc

<.(>llimating tul)(, of the X-my g'orwrnlm', and the

l)ushin++ in turn was ]nat(,[l with u l)rv,isi<m l)m'e
in the +est body support plate.

A nt:ntl)ev of bushings with vat'iotls vahlt,S t)f

t,t+(:t,ntt l('ity were l)r<)vidt,d. Their lengths wet'e
su('h t]tat their ends were tlush with the wind-
tunnel air stream attd st£('tt tim_t, the window (m

t}m on(! ()t' tim ('ollimaling tube was }::+2in(:h fi'om

the air" stt'e'ml. The X-t'ay beam passed into the

air st l'<'am t hv<)ugh 0.020-itmh-diamet<,r ,tl)(,rI ut'('s
in the ends of the bushings. The test I)ody

la(.kt,d 0.001 itwh 'it, eavh tip of ('omI)lete]y

spantfitg the lest set'tion and thus l)vovid<,d

ch,aran 'c 1)ctw(,<,n bushitlgs and t il)s.
Rola:ion of a Imshing al)(mt its axis ('aus(,d the

X-ray 1,earn to orbit about the h,ading (,(Ig(, of the

test I)_,dy. Relation of the X-ray gent,t'at(w
al)out hi, ('(dlimatin_ tul)c axis was pz'ohibitt,d

by the arrangt,nt(mt of the vat'uum l)U.ntl)S and

intet'c'o)mt,('ting va<qlunt l)UZnp lint,s/ howev('l', [hi"

X-l'tQ" g('ntq'atot" had ft'('e(hmt to tt'allslllle as

(hml;m( ed by lhe (w('entt'i(qty of a given bushing.
A l)rot, tatqof ann, with vernier, attached to ('a('h

geav-an,l-m'anl,: (h'ivetl bushing allowed measure-

ment cf z'otation angles with an (,vz'oz" of ±1

mitmte of are. A system of ft'i(.titm tocl.:s allowed

at any angh, inmtobilizalion of bushing with
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respect [o supt)orl, plate 'rod collimating tube wiO_.

respee[ to lmst),ing.

Th.(, SUl)F,c)rt plate on the opposite side of tim

wind Immel <'avvied simihw bushings. These

Imshings on lit(:, X-rnv-dete<'tion side of the wind

(,utltwlhml ().004-in('h-diameler apertures at radii

corresp()nding to those taken by the axis of the

(}.010-in('h-diameter X-ray 1)earn. '['he window

of the Geiger-Nluelh,r (tunntunt vounter immedi-
alelv t)ehind this 0.(104-inch l/perllll'e Wits about

}_2 inch from the wind-ttmnel air stream. Alim,-

men( of tlte supporl l)lales and construction of

correslmn(ling pairs of bushings was such that Ill(,

eenlral portion of lhe 0.010-inch-dianl(,ler X-ray

beam impinged (m lit(, 0.()()4-inch-diameter ai)er-
ture over the (} M counter window whetl the

prolrnclt)rs wet'e s(,( nt Ill(> same nominal wdue

of angle, +.
It nee([ havdh+ I)e stated that Ill(, machine work

re(luired to a<'COml)lish rill this wus of the highest

quality mul i:,recisit>n. Nh)st of l/l(, tits between

critical movin/ surfaces met toh,rnnce limits
of +0.()001 inch.

The <'haml)er traversed I,3- the reference X-ray
beam was a 2.75-im'h inside-diameter aluminunt

eylimler. This tul,e was <.a,ltilevered from the
reference ('ollimating tube oil the X-ray generator

and ]tad l)rovisions for mounting a quantunt
eottnler at th(, fi'ee end. The (listanee l)wiween

the cellophane windows on Lit(, <'ollimal)ing tube

an<] the (lllt/llt/llll coutlter WnS the same (IS the

distam'e between eorresl>(>mling elements in tit(,

path of the tunm'l _'_-l'tly I)etlHl. The er<)ss-section

area of the X-ray I)eam which entered the reference

(_ XI tube was estal)lish(,(l I)y adjustat)h, slits just
aheadofth('G Nl('otmterwindow. Therefer('twe

ehaml)er wns provide(l with l)r('ssure orifi('es nnd

iron-eonstantan thermoeOul)h,s so t hat the refer-

ence density eouhl It(, (h, ternti)wd. A (.ontrollable

presstH'e re_'ulat(,r was tts(,(l to adjust the p)'es_ure

of the dry air in the rcferetme (.haml)er.

For arrangement B, as is shown in llgure 3(I)),
distortion of the ra(liogrnphs due to divergence of

(he X-ray l)eam was minimized l)y ntaMng the

(lista)tc(' belwee)l SOtlree and l)hologrnphie emul-

sion Inrge as eontl)ared to th(' width of the win(l-

tutmel test section. A brass (ut)e through which

the X-rays passed connecte(l source and wind

tunnel. The end of the fairly tlexible tube 1)asse<l

through a rigid SUl)l)orting yoke which 1)oth in(-

mobilized 'rod provi(h'(1 for alinement of the N-ray

generator with respect to the test I)ody in tile vcind

tunnel. This tulle was ewtcuated to n pressure of

10 -:_ inches llg to re(luee .tl)sorption losses along

the 1)ropagation path l)etv,;een X-my source and
win<l-ttmnel air str(,tml. The wind-tunnel air

stream was sel)arated front the ewwuated tul)e l>v

a 2-itwh-dianteter (0.001 inch thick) membrane of

t)olyethylene ter(,phthalate. This material is rehl-
(ively unaff(,ete(l l)y weal-: 2.5 °k X-radiulion and

hns ex('(,lle)it m(,ehani(',d slrenglh characteristics.

IIowever, tlte rehltivelv high pressure in the wind-
funnel test se('tion <'aused the membrane to sag

into the tuI>e, thus l)rodueing a ]:2-inch (maximum)

flap tlt the airfoil tip.

X-ray detection. Th(, (Itltlltttlltl eOtllllel' syslenls

used in *u'rangenwnt A were identi(.al in design to
those described in reference 12. They inchtded

argon-filh,d (;eiger-M ueller tubes with a quenching
a(hnixture of ethyl alcohol "tt an al)solute pressure

of at)ollt, 4 in('hes Its. The end-mounted win<tows

were of 0.0012-in('h-thiel,: cellophane. External

quetwhing and shaping circuits were used in (.on-

june(ion with the (]-M tubes so lhal all output,

l)ulses were th(, same size and shaI)e and so that
the resolving time of the comt)ination would be

less than the sum of the deqd time and re('overy

time of the tubes when in a passive circuit. The

pulse outl)uts of the shaping ('ircuits were aeclll+nil -

lated an(l displayed on eonm).ereially available

scale-of-ten gas tul)e eleelronie counters. An

electrically operqted inlerval timer with n least
count of one second simultaneously activated amt
deactivated the two electronic counters which col-

lected tim outputs of the tunnel and the refer(, ee

(lUtlllltllll (!Ollllter s vstelllS.

The X-ray flint used with arrangenletlt B was a

standard, double-enmlsion, cut tilm. All fihn

used in the present invesligal,ion was taken from
the same manu['acturer's lo( an(1 was cut into 2-

itwh-diametev circles. The tihn was hehl in a

shallow cavity in the win(i-tunnel wall opposite

the p]asii(' nteJt).l)ran(, I)y nlea)ts of" a va('uutn ehuek
so tha( the emulsion surl'aee was re<'essed 0.008

in<'h. The lihn wns exl)osed to the rays fr(>m the

eontinuously ol)ernle(l X-ray sour('(' I)3 ]n(,atls (>['a

magnetically ot)era(ed m(,tallic sht+tler within lhe
eva(-ttale(l I ul)e,

The instruntent used for amtlysis of the radio-

graphs is oue which is used primnrily for the analysis
of speclrog'ral)hs. It consists of (1) nn e,wlosure

which eolllailts the retra('table pickup hea(I, :t
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stabh, vn('uum p1,)tomultiplicr tube< and a projec-
tion screen. (23 a fixed base which eneloses n (i

volt, 10S watt projection lnmp which, by means of
n lens and mirror, l)rojee(s parallel light vertically

through the plane of the tilm, and (3) a moval)le

bed whi('h SUl)l)()r(s the tihn-holder and l)ermi(s

motion in the plat.: of the fihn.

The pM,:up head has a 0.004-in('h-diameter

circular aport ure nnd is provided with a tel raet ing

mechanism for use when 1)rejection of tile film on
the screen is desired. In its extended position, the

flwe of the l)i('kup head is ]mralM with the plane

of the fihn and is adjusted vertically su('h that a

very thin air gap exists t)etween the I)i('ku]) 'rod the

tihn. "l'his air g.q) is provided to prevent (hmmg(,

to the fihn by s('rat('hing.

Parallel light is projected through the fihn from
below lllld eli'[ el'S the O.O04-inch-diamet (,r at)eft ure.

A prism within the I)ickup turns this transmitted

light into a light-light It, be which i,, turn relays

the light to tit(, sensitive element of the nmllil)lier

(ul)e. The oull)ut from the multiplier tube result-

ing from this incident light is displayed on an

electronic vollmeler. This same signal is nlso
sent 1o the chart drive serve of an (,h,('lronic

re('or(ting pot enliomel(,r.
'l'he film hohler ('olls|rtleted for lh(, 2-in('h-

diameter film discs nllowed rotation in the phme

of the fihn about the dis(' center amt had an angular

positioning accuracy of _I).0S °. Sidewise motion
of the movable densitometer bed was mensm'ed

with (we standard dial indicators, each with a
maximum of 1-inch (raw,l and a least count of

(1.0()1 inch. Also mounted on the movat)le bed

was a linear il'illlSdl.l('ei' whi('h was si,nsilive 1o rehl-

live motion 1)elween the bed and the rigid i)i('kul)
bend enclosure. The resulting signnl from this

(rans(lu('vr was sen( to (he l)en drive serve of the

polenliometer, and thus a continuous trace of

OUllml from the t)hotomultiplier tube versus
linear disl)hwemenl across the surfn('e of the tihn

could 1)e disl)lnyed on the recording paper. ('ali-
brat ion of l l,e lim,a r mot ion transducer was a('('om-

l)lished with the aid of the dial indiealors.

A calibralion (,f 11,, 1)hotomultiplier lul)e with

resl)ect i. tihn densitv w,'ls obt,fine(I i), the follow-

it,g mamwr: Several tilms were exposed with m,

tlow in the wind lumu,l .rot with (he nit density
known in erich case. These tilms were suc'ccssivelv

plaeed in the densitom(,ler nn(I an 'lverage voltage

reading for e'wh tihn was obt_fined. A graph was

then made of voliage ns a function of air densily.

The vo:lages w(,r(, t)ut in(o dimm_sionless form I)y
referen 'ing e'wh reading l() )he voltage as <)btain(:d

on the imqge of the tesl body. This l)ro('edure

accoun s in part for differences in tihn density

whi(.h _ re not due lo difl'eren('es in nit density.

OPERATION OF X-RAY I)ENSITOMETER

Experiments with densitometer on test stand.--

The X-ray (h,nsitomeler in ar,'angem(,nt A was

op(,ral(,d for an extended l)eriod of time on a spe-
(.tally ('onslru('ted stand whi('h simulated the test

section of the wind tunnel. Techniques for eerlain

operati, ms which were 1o be performed during

the wi):d-tunnel tests were initially developed on
this stand.

Stability of X-ray l)roduetion: Of first concern

was tlu. production and maintemm('e of a stabh:

sour('e )f X-rays. With the present equipment,

stable X-ray prodtwlion couhl I)e achieved by

con(ira,ms operation 'tt a given X-ray voltage

and X--a S emission ('urrent afler elapse of a 24-

hour period. Slabililv was judged to exist when

rel)eate I snn)l)les of (luanlunl counts over arbitrary

t)ut i(hntical lime iutervals had standard (levi-

ations in(lis(inguishabh, front those of Poisson

stalisli(s (refs. 22, 23, nnd 24). (!oun(ing rates

of about 8,000 quanta per mima(, were achieved

for den-dry-path lengths of one almOsl)here-foot
with 2J ._ radi'/tion through a 0.004-im!h-diumeter
al)(,rtur, over the eounter tub(' wit.low.

Xh)v(men( of X-ray beam: Tests wet(, made

wilh tl (, stal)h_ X-ray s()urc(, to determine (he

(,[l'(,('(s ( f l)('am mov(,m(,nt on (h(' int(,nsi(y r(,ceive(l

on lhe (,pposile side of the wind (mine]. l{an(lom

varia(i(ns in repeatability of a given setting due

1o ('lear me('s |)etwe(,n mating paris and nom'el)rO-

(lu('ible slrains in the l)ositioning mechanism were
r(,(hwe(i until they were equal to or less l]mn the

variuti( ns du(' (o counting slatisti('s. Residual

misalin),m(,nls ('aus(,(1 lh(, appar(mt iIde)lsity of
the X-lay l)(,nm whi('h crossed (he wind tunnel

(o vary in a ('y(']ic mann(,r as (he X-ray gen(,ralor

was ()rl ite(l about the axis through the projected

lea(ling edge of thv t('s! body. This variation

('hnng(,( a small but (h'l('('lnble amount over

perle(Is of monlhs as n resull of creep of metal

nn(l sli I 1)ag(' of ]mid-down bolts; the change being

most npid imntedialely folh)wing r('alin(,ment ()f

thesul)port plates. The nl)l)ar(m( intensity vari-

ntion (l,u, to these l)ennt-aimi)ig nl)(,rrations was

trundle( as a ('alibrati()n whi('h was repealed with
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suHi('ient frequen('y thnt tit(, drift effecl was at'-

counted for with negligibh' u]w(,rtainiy.

G(qget'-Nhteller quantum COUlI|OFs: A third series

of no-flow exp(,rimenls was ('on('erlwd with the

(,lli('i(,n('y, r(,lial)ility, and resolving tim(, of the
G-M ('ounters us(,(l wit h (h, nsitom('(t'r arrangement

A. B(,('aus(, of slight I)hysi('al difl'eren('es among

individual (,ounters it was a p)'a('ti('al imt)ossibility

to obtain i(tcnti('al intensity in(li("ttions from a

group of them in a radiation IM(I known to I)(:
unvarying. Moreov(,v, the (i-M counters had
(,hara('teristi(' curves whi('h (h,p(,n(led both uI)On

(he inhq'mtl (.oncentralion of water vapor and

Ul)On ,lge (total)mmber ot7 quanta ('ounted). In
lit(, face of th(,se ('omI)licalions, cout)l('(I with the
additional fat'( that, (he ('ounlers missed ('ounls

owing to finile resolving tim(' i( was a (iitti('u[t

and time-consuming task to obt,fin reliable esli-

males of the intensity of the X-ray beams.
Because it was (h,sive(l to use (i-M (.ounters

in pairs, it be('nm(, ne('(,ssarv to tit, term|he the
ralio oF the (,Hi(.i(,)mi(,s o1' (,ach pair of ('ounlers

which happene(| to lie (,mploy('d (luring any given

l)eriod of lime. Su(:cessiv(' exposures of t lte pair
(o the constant sourc(_ of X-rays for equal intervals

of lime I)rovi(h'd the necessary inform'it|on. ]L

was the more frequent l)ra('ti('e, however, to inter-

change counters between tlt(, r(,ference X-l':,ty b(qliIl

and tit(, tunnel X-ray beam nnd to deduce the

counLer efti('iency ratio fi'om tit(, suc(.(,ssive pairs
of ratios of tunnel intensity to reference intensity

so obtain(,d.

Be('ause moislure afl'('('(s their eli(walton, and

mor(,ov('r })(,(.ause wat(,r vapor diffuses f,'('('ly

through tit(, ('('llol)ha)w windows used on th(, G NI

('ount('rs, th(' intensity indications w('r(, (h'p('nd('nt
on (,nvironm(,ntal (.hang(,s of humidity, q'o mini-

mize this intlu('n('(', the ('ount(,vs w('rc S(Ol'('(| ht a

(h,siccator. When in use, the (.ounttw windows

w(,t'c (,xposo(l 1o lh(' somewhat less (h'y air in lit('
win(| tmm('l, (,xc(,pt for the |wief int(,rvals of liIn(,

ri,quived to (,ffe('t tlt(, int(,r('hang(' of pairs of ('oun-
t('rs or to r('pht('c thos(' whi('h its(([ b(,('ome inop('ra-
(ix'('. To a('('ounl for the smnli ('hnng('s in i,((,nsity

in(li(.ations i)wi(h'm (o th('s(' Ol)('ralions and to tim

aging (Ifthe ('()unl('vswilh us(',i(was th('l)ractive

to ('ant out th(' inl(w('hang'(_ (,xp(,rim(,nl l)(wiodi-

('ally and thus 1o establish (h(, variation with tirol'
of lhc raiio of (h'ig('r-Nlt'('ll('r ('()unt(w elli('i(,n('i('s.

R(,solving tim(, of a (;-Nl (luant, uln counlin_

sysU,m is tim tim(' i)m,rval itmn(,(liat(,ly following

the registration of n quantum (luvin_z whi('h the

system is l)aralyze(l, l)uving a fit(it(' time in((wval,

th(,r(,for(', tit(, system can re('(,iv(' and record (,vents
for some fraction of this intervnl whi('h (h,p(,n(Is

Ul)On (h(' nmnb('r of (,v(,nts d(,te('ted. Thus, the

v(,solving time nltlSt. It(' |,;.hewn if output is to 1)e

von(l('rt'd I)rOl)o,'tional to input for a wide range of

inputs. The r(,solving times of lit(, ('ou)HinF sys-
tems us('(l with t he at)parat us d(,s(q'ibe(l w(w(' (lot (,r-

mined t)y use of a cathode ray os('illoscop(' with tL

trigg(,re(I sweep circuit. Th(, nit,(hod of m(,asure-
ment was similar to that (h,s('ril)(,d in ref(,rcnc(, 25.

Becaus(' of the chara(:teristi('s of the va(,uum-tul)e

(tuenehing ('ir('uits coul)h'(t (o th(, (I M count('rs,

the ('('solving lim(,s were less than they would have

been had the quench circuits not t)(,en us('(I, ttow-

ev('r, their use made (tie r(,solving times definite
({ecreasing functions of the increnmnt of anode

voltage on the G M counter al:ove that at the

tht'(,shohl of Geiger counting. ]{esolving tim(,s
from 300 microseconds )war (ht'('shoh[ 1o 70 micro-

SP()ollds ll(qtF I'HIIRWSly W('l'(' lll(qlSllF('d. FOl' IllOSt of

the tests in the wind (unn(,l, the most l)VOltal)h',

value of r(,solving tim(, representativ(, of |)oth

counter systems in 133 ,us('(', with 't range (if un-

c(,r(ainty b(,twe('n 190 and 100 #s('('.

Experiments with densitometer in wind tun-
nel. -Ttte intht(,n('e of wind-tunnt'l Ol)et'ation Ul)on

the operation of (Iensitontet('r arrangmn('nt A was

ass('ss('(t by calil)ralions in the enll)ly tunnel.
Tests were made to tit, term|n(' the ('hang(, in aim

of the X-ray beam whi(.h crossed lh(, test section as
a r(,sult of relative movement of the win(l-tunn('l

walls. Su('h shifts as o(:(_urred due lo Ol)('ralio)t (if

the tunnel drive syst(,m and vnriation of pressure

and teml)evature at the ((,sl s(,('tion hat{ an un-
det(,('lab|(' effect on aim.

Ol)(,t'ation of densitom('ter ammg(,m(,nt A very
)war tlt(' surfa('e of the test body, how(,v(,v, was

(.Oml)li('ated I)y the re('el)(ion of X-rays r(,fle('t(,d
from the surfn('(, of the tosl. l)o(ly at Ft'azing inci-

den('('s, li(qh,('tions incr('as('d th(, al)l)aV('nt in-

t(,nsity of the t unn(,| X-ray b(mm and h,(l to the

iml)r(,ssiou that a (h,('r('as(' in air' (h'nsity had ()('-
('um'('(l sis tlt(' sut'fn('(, was al)l)rOn('h('(l. Allhot,gh
the rofl(,('(ion (,ll'(,('t nlone cou|(l h(' ha))(lh'd by

calibrations with no [h)w in tit(, wind ltmn(,l, the

(l(qh,(qion of (he test body duo to flow fot'(,,,s so

changed (hi' r(,fle('.tion l)ath'rns that l)r(,('is(' (h, nsity
(h, terminations with arrnnF('ment A very n(,av the

l)o(ly surf at'(' were nearly nhvays intl)ossihh'.
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With arl'llngcnlellt B it was possible Io position

the source of X-rays so that relleclions caused

m, gligil)h, ilmmsity iu('reases adja('etlt to t h(; hotly
surface. 'I'll(, positioning w_ls done t)y means of

intensity surveys with Geiger-Nlueller counters.

The X-ray source was adjusted so thai the spot
on the target o[' nlost intense radiiltion was near

the axis through the virtual h,adiug ('lllze of the

test body. It was possible with optimUlil ailing-

merit to obtain from radiogvi/phs vahws of density

right up to the image of the body surfaee, q]l(se
vahws were in doubt, however, because the radia-

tion path wlls not pre('isely parallel to tt bo(ty

generator and also because of deflection of the
body under aerodyuami(' load.

DETERMINATION OF AIR DENSITY IN TIlE FLOW FIELD FROM

X-RAY INTENSITY DATA

The experimental t)roeedure for ohtainiug air
densities iu the flow tieht from the (l-NI counting

data was essentially one of matching an intensity

Ill(,liSllrellleIlt of the t)(,lllll tlirough tile ttow iMd

with a me:tsurement of the beani inlensity through

the refereuee ehaml)er, the dellsity of air ia which

being delermilwd I)v measurellwnls of pressure

alld tenll)eralure. This l)roeedure is discussed in

the following in tel'IllS O]' l.he lllOllO('hi'olntttic X-

ray absorl)tioll law (I_alllberl's law). The X-ray
b(,ams enlerging front the collimating tulles of' the
(hmsilollieter were m,iiher (,oherent nor monochro-

matic am{ thus [,aml)erl's law is not. rigorously

apl)lieal)h,. It serves, however, fairly well as air

al)l)roxilmdion (to within 2 per('ent) to the experi-

nieilllllly observed iuteltsity-density relMi()llshi I)

for data tak(,n with the densitonleter over density

in('remenl,_ equal to about 0.00025() gu_s/ec

(0.00(t4S5 shigs/('u ft) aim provi(h,s the ouly ana-

lyti(,al expression available to work with simply

and ('onq)h,t ely.

The first step in lhe density measurement ('o,-

sisted of calibralil_g lhe mechanical nmvemenls

o[' Ill(' pair of bushings whi('h carried the trallS-

mitliug collimating lut)(, (attaehl,(] to the X-ray

geileralor) lind the re('eiving G-M ttnb(, around the

l)r(ije('ied h,adiug edge of the mo(h,l. For this
calilw:lti(m Ill(' tunllel Idr wlls static and the air

dell_ilies iu lunnel illld re]'erel/c(, (,hlillil)er wel'e

tileasuri'd lliill, |iv lidjilSlilig prl,ssul'e hi lhe i'ot'er-

eli('e clinnil)ei', liiti(le to |)e equitl or nearly e(tulil.

Thell ltw value o[ lhe ralio of luniiel G-X[ count

l'Ilio Io t'ei'el'ell('e (] ._ll ('Olllll t'llt(', ?r, WaS (h'ler-

niinod :tt each value of angle, _, for which It den-

sit.v llillistlrOlilelit in the ttow field wlls desired.

('['lie 11 )titt[Oll is giveu in appendix (!.) Bt,fore,

and for seine runs duririg lili([ after> lifts clilitwa-

lion th, rillio of eoltiliilig elli('h/ncies o[ lhe (I-.'%,1

eoulit.l'r_ was liielisllri,d l)y the iliier('hluigo of

e.Otliiler _, described I)elow. Froin iilese (]lilli,

vlthies (_]' the quantities (zlr/zts<)q ltlid PT-P,'e-- [_c-'_0

were ol,tained for eli('tl vahie of _ and lhis sol, of

vorr_,st)tilidilit L vilitles eoltstitlites the "tJIilil)i'Itlioll"

for the given pair of bushings, in the sinli)lest,

iih,M clise this wotlld give It vlthle O[ the. ratio Of

tunnel be.mr intensity to reference beam intensity

for tile _:ondition Pi'_OR, whi('h would t)e nllttclie(1

tit l.he tlow fieht rtlIi by ll(ljtiSlill_ refereliee pi'e._-

sure aid hence rofereil('e density, pR, ttiereby

yiehlhl 7 a liieilsurellielil of lhi_ desired tlow fiehl

densily, m'. The flow field density, p_., in iilis
(lis(!lissi,)ll is, O[' ('O/ll'S(", the integrated ([ensily

across tie s])llli of the nlodel without (liseriniina-

tion of ltOtilidal'v liiyer viu'inlions.

Iit ])rtielice, for the th)w fie|d rlins lhe ililile]lil_g

was aceoinplishe(l by liteliSlll'illg lit each V' the rlllio
Oi" l liillicl (} _| COliill i'itte to rl'fereli('(' (] XI ('Oulil,

rlile, Q> for three (llii([ SOllil!linies nlore) diti'ereni,

rabies (f pR, chosen sucii thai l.he iillll(']i point

det.(,i'lnilled in tilt, clditiration wouh[ lie in_i(h, the

l'illlT(, o[ villlll,S of (,'l_,',ls_)q l]lliS dlqerliihie(i.

_|eilsur(d ba(q,:grouli(| count rates were les_ lhlui

the slliii lard deviations of the l.lillllol iiil(] refel'olle(_

COllllt riltes in nearly every ineltStll'elllellt lull| tiler

lulve 1 lerefl)rl, ileell igilorl,(1. The quaiility

(.IT/;l,,)l was ('Ollllilll{e(l ]'l'Olil (1)illl(l L]le rillio of

(I--Xi (')tlllttel • efti('i(,ncies Its lll()ltS/ll'el| tt_,Itill

spe('ifi('a{ly for ill(, flow tlehl rtlll (Ill,fore, aft(W,

and, in 4Olile ('ilS(,,_, (hiring). 01li(]ging tile villue._

o1' OR to IISl' in orlh,r thai till, ('illi])rlilioll vlihle o[

(.17,.,'.'1_<)/ he lirli(']_;el(,d liv lhe vilhles resullin 7

['l'Olll Ill, th)w llohl IIleli.qlll'l'lllelllS WItS II sinlph,

liinlier )1' IJl)('i'illi()iiii] (_xperieli('e. For elicit _,

then, ecnsiderhig the llilrrliw l'ill/_(, I'OvoFed ])V

the valu:'s o[' PR, It straigiit lhie was titled io ill('

/nI(AT/-,)q] r,w. PIe data t)y tilt' least S(illitl'('s
ulethod )r I)3" a graphical ph)l. In tile llSO of the

least s(ll lll'es niel}io(] the equation of this lhle xvii_

('oilll)tltt'| aud _olved roy pR=m'--J, with the

llilitl'h I))Jlll Vit]lle ()[ hl[(AT./A.)q] ]'l'Olli tilt! ciili-

1)i'aiiou. The r(,siduli| densilyiucrenienl, fl_, was

'tdded l) this resu|t givillg m', ill(' iniegrllie(1

(h,nsily lwross tile flow fiehl lit t]le l)OSilion (r, ¢).

Tile aT)ov(' pl'o('e(lure I'ill/ [)(' (h's('ril)ed ill fulh,r
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detail, and tile basis for corrections made to tile

density nmasurements for eounter resolving time

call be explained, by now considering the expres-

sions for Immbert's law and for X-ray beam
intensity. Tile absorption law states that

i = lee -"_. (AI)

where io is the initial intensity, i is tile intensity

after absorption over a distance !I, p is the density

of absorbing medium, an(I # is the mass absorption

coefficient, which is a function of wavelength and

of the absorbing medium.

Intensity of an X-ray [)can| in lhe densitonleter

detected by it G-M counter is given by

Nay
i=-- -- (A2)

where N is the G-M count rate, _ is the G-M

efficiency, A is the effective '<area" of eoiiillllitilig

arrangement, _v is t}le X-ray quantmil.

Tile ratio of G-_I eounler elfieieneies, _rt_, was

measured by interchanging counters with respect

to X-rliy boitlllS detected. Position "Olle" for the

counters is illustrated in tim diagranl; Gi denotes

counter nunlber 1 ; G._, counter nulnt)er 2.

. (T) . ®. (R) +ic ;
iT _o7' '_oR _'a

r ,TTile ratio of eount rates, Ql=]%rlt*\m, was de-

termined for this arrangenmnt. By equation

(A2),

Q Nrl t'ir<Ar\i hv \ ir _l ,'IT
,--_%--t _, )U,._<L.)=_.-<.,<_.

Next the counter positions were intereillinged.

(T) " i9;I (m

Tile ratio (22 was detvrniined, zlli_l [void Cqll_iliOli

(A2)

q_N_, :,)_<IT
2-- Nm--iR< AR

During this interchange of eounters the densi-

tometer was operated under conditions such that

iriiR remained constant throughoui. Therefore

(t) 1 =[ _1"_ 2 (2it:J)

5463_5_60--5

ll, II(I

l hi QJ ' _l (A4)
'_ 0;=Ill 7_

All measurenmnls were taken and data were
reduced in terms of the ratio of tunnel count rate

to referenceeount rate. Hence, eonsider the true

inlensity ratio its given by equation (A1),

7' T '#'oT(: --_D'TP T

JR _oR _-jayRpR

From the geometry of the apparatus, yr=yR=l

(by design), and thus

q= iirj_ qoe-,a (or- .aJ

alld

From equation (A2),

iT [Nr hv\l _,2 itR'_ e2AR

g=_=k _, X,;J t:% -hTJ=?g, _-_ (A6)

where Q=Nr/.VR and it is assumed counter number
I receives the beam through the tunnel, which was

the standard l)raetiee throughout all runs and

ealibrations. Combining tile above with equa-

tions (A4) and (A5) yMds

1 QI Ir
hi Q---hi --ln: --ln q,,=--pl(pT--PR) (A7)

2 Q,, ,1.

For the calibration data, equation (A7) I)eeomes

i,, ?,-__,1,i?,,-I,l i:l.--lll ¢o=-.1_ (As)

It (_'all be assuliied that %--7ortioR reliiained lhe

Sitliie for the flow field rllll and calibration since

the X-ray generlll.Ol" wits operated eonliilllOUSly

llnder eoilsl.itiit eonditions with no kiiown ehiiliges

in the cellophane windows itirough whieh the

beanls passed and no chaliges ill tile eollinlating

ilpei'l, llres, l,ikewise, for all 3" vilitie of _o, AT/A.
relliained eel|sill|it fl'oln ealibrlltioil to flow fiehl

run. There[ore, sul)li'aelion of (AS) fronl (i7)

gives

'"
CA9)
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or

( " 12 q It2

t,,F?(}_) 7-1,,[77) _,) 7=-_,t.:..-.._-_<iL .d, J L \?,. J

tA10)

E(lu_ltion (A7) rewritt(in shows th(, rdlttionshi 1)
between th(, m(,ltsur(,d quiuttities usc(t its des(,ribed
_lt the beginning of this se('tion o1' the _i,i)pen(lix h)
ddm'(, vlllu(,s ()f (h'nsity. Thus,

,,, E (d(_: )'i'-'] = (,/)p,cl_( l,, IT

tOllll =/,l t

..... '1[-- _1

('°_+'°'.-:4
I

Sk_,tch ('l)

it heing ol)served t,hitl _lt tin5" _uigh,, ¢, Or is con-
stant Uts lu'(. Ar,/-'IR ltnd q.) and also tirol fronl
('qtutions (A;t)lin(l (A(1)

,' ?,V:" .17'
'4');) =.L;q

For _,_l_'li_lngh,, ¢, theN, in e_l('h I]ow liehl run _i
rehttionship w_ls est_iblishe(l li,s shown in sket(:h
(a). From equlition (AIO) it is seen that the vllhle
for Q((_).,./(_)_)'_in the ill)ore rdlition thlit ('orr_,-
Sl)onds to the ('on(litton pR=iOT,--_c is giv_,n I)v

_7 ?_ ''_ ?"><'''>',,E(,J<)]-',, ],,
that is,

F / ?,,<\l'-'G_,,P,):'_'"-lo,,<:,,J,,,_,,,,:h'L:'t ?;) J <'_'""_

'['hne-di, lien(h, nt vlu'illl ions in _.'_ were otlsel'Vi,d

Io occur during sonie rllliS "ind ('dit)r.llions even

whell _1/_2 _IVl[S (;Oilll)lltl'(l ['roili ('OUllt rlit.e dti.l.li

('orrimt,,(i for rosolving lime. 'I'tiis ('hiilige in

('OUlile" dli('ii,ii('i(_s is lillritiuh,(I to ligilig ('fl'e(,t_

in thetl _[ tub(,s, un('onlrolhlt_h, vltriltlionsin the

wlilor ,ill)Of conh, iil. of lhe (I M luhe gli,s liiixllii'(,

(hlrhig iil(,tiStli'(,iii(,iils liil(I slight viirili,tions in lh(,

lll)pli(,( voihiges (lli_, (i ._| lu|Je ('.liiira('il_risli(_

('urvt,s did ilot. possoss l)erfe('tly thlt. l)lltt(_llllS lllid,

llS lnelltion(,(I elsi!wiler(,_ the rl,solVillg lime wlls

dl,plmden{ (ill tim fl .%I llll)e votlllge). )l(,('oilnl

was t.iik(m of this vlu'illlion whi_revor l)ossihh, I>v

re('ording linies of niliking iiieliSiil'i,lii(,iltr.s lit etl('h

¢ lin(I in the diitll rl,(iuction ohtllining the vllhl(' of'

(21/'?_ f, lr (,lt(!tl ¢ froni li plot of (d_,ifb.vs. liln(,. (A

lilielu" :lirilllion in (i)l..t(l): with t.ilne wiis llSSUliil,d

l)etw(,e:i llieiisllrOllll, lilS tiiken t)efore, lifter, illld in

sonic i:isliui(,es during ii rtili tin(l/or ('li]ibration.)

_tVJlel'e insulli('ienl tinie dilhl (,xist(,(t, bill, (I)i/"(i)_

vllrilitions w(,r(, illelistlre(I, ltie forl,going ni(,ihod

WilS llpt)roxilnlil(,d hv sinll)h, int(,rpolitlion.

(Idgl,r-Mui,lh, r (!()lllltt,l' resolving lhne (!orro('-

lions ,_, (,r(, lipl)lh,(l lo the (h, nsiii(,s in two wll3s.

1)ensilies fz'oin sonl(, runs were determieled b 3' tJi(,

all)ore nlelhod using ('()lllll I'iit(, dttlii <'Ol'l'(mtl,d

([iri,('tl, for rosoh:ing lilne. 'Pill, densities fronl

SOlil(' _ther rulis WOl'(, lil(_llSUl'l,d th'st ll.s itl)ove

using lin('orr(,(.h,d (:ounling data and t.h(m w(,i'(,

('ol'r('l',t_;([ t)y t,h(' fornlllhl di'du('('d h(,low.

Th(, eqlil_lioll rehlting ohs(¢ved eouilt rlll(,,
('orr(,(!t.-d (!oliiit. nit(,, lln_l r_,soiving time is (rd's.

2'2, 24, 211, luid 27)

I -- ,V<_ ("'_1I )

where V' is the cori'l,('t._,(I ('(tunl i'lile, )( is the

ol)sel'vld ('oun/. i'ltii!, lind (_ is lill! rosoivilig tiln(,.

la,l other prinil,d s vnll)Ols denoh, (lliiiiilil.i(_

wlti(,ti ll.l'l' fun('tions of eorret!ll'd COlllii I'ili.es.

Thus.

,\",. ,\,7.,
?' :.\';<' ?; = iV',<:,' ,,t<,.

FrOlll ,,(|llil|il)ll (.All) ili ('(miliinlllion with th(,

ddiniiiins and r(,lltli(ins lili'(!lidy introduced iii

th(, l)re::(,(ling discussion, it fdlows thiil

, 1 -- X,,:',> 1<_- <<';:m:7

iUilt t (=t12)Qi _7 (i .\.,,_.,) i .\'_,o,,)
0',=(<>;(__ :vZ:)(,-.v,.7=77j
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Consider equation (A10a) to be expressed in
p ! t

terms of Q', Q_, Ql, Q2, Q,_, Q2_. Then by

substitution in (A10a) frolll equations (A12), and

by algebraic sinlplifiention and rearrangenlent of

lerms it further follows tim! for the "thatching

condition," PR= Pr--_c,

I- Ilit Q _ =In A r_,

( :F-] (A13)

_vhero

and it. is observed that Q.,=.Vr/N_e. Thus equa-

tion (A13) gives the v'due to use in solving for

I'('SO]Villg linle correet(,d density from tile (Iill('Ol'-

rected) Q(Q..,/QI) '/'' vs. OR relation. A correction

term, for (('Omlmted for each ¢), which was

applied to densities determine(I using e(tuation
(Al0a) wilh the above uncorre('ted relation, is

readily dedm'ed by examination of t,hc plot illus-
t,l'nted in sketch (b) below. Thus

5pr_{lnlQ(Q2/'Q,)b'_],_ -In[Q(Q2/Q_)_/_lt:_}/a, w h e r e

In [Q (Q',/Ql)_'_],0 was dctclunined by equation (A 10a)
and hilt t) ((}2/Qi)1/2113 bV equation (A 13). T he slope,

a, was known from the least squares solution for

the line. (_omputations employing equation

(A13) were simplified sonlewhat by having

O- 1 -- O*2 0".

/

_ ___
/" ', I L ' J,_

I I
I I

I t
I I
I I

I J

I

y o

Spr : p.

Pc

_': corrected denstl_,

_: deaslty oriqintllly dete_m,ned

Sketch tbl

DISCUSSION OF ERRORS ANt) PRECISION OF MEASUREMENTS

The errors encoumered in this investigation can

l)e thought of as arising fronl two separate sources.
The first of these is the inability of the experi-

mental arrangement to faithfiflly sinmlatc two-
dinlensional flow. The second is the inadequacy

of the densitometer to measure exactly the density
which exists in the non-two-dimensional environ-

nlent. These two types of errors are discussed in

lhe following paragralIhs.

Non-two-dimensional effects.-The values of

density ratio apl)earing in table I contain system-
atic elTors which arise both from the wind-tunnel

wall boundary layers and from the leakage through

the clearan('e gaps at the airfoil tit)s. The pres-
ence of the gaps at the tips, in combination with

the side-wall boundary-layer effect, produces the

situation illustrated in figure 19. Here are plotted

the average density distributions for the smallest

(fig. 19(a)) and the largest (fig. 19(t))) wdues of
radius ratio as measured with the dcnsitometer

at Mach numt)er 0.705 and Reynolds number

2X106 and the corresponding pressure distribu-

tions as measured locally on the side walls of the

wind tunnel (fig. 6(a)). Also shown are three

calculated curves which represent estiInalcs of the

stream core density obtained by various means.

Remembering that the local pressure distributions
on the wall can t)e considered to be approxilnate

density distributions, one notes that for both
wdues of radius ratio there exist systematic dif-
feren('es between the distributions as ret)resented

by average densities across the span and as repre-

sented by local densities on the wind-tunnel wall.

As would 1)e CXl)ectcd as a result of the effects of

the heating in the side-wall boundary layers the

wall density values tend to 1)e lower than ltw
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(I)) r/c (}.154

F](:URE 1(). -Compariso]l of (h, nsity distributions its obt:dne(] by (h'n: itomt't(,r with those obtained from wall pressure

(list ril)utions.

spanwise average density wthws. However, very

near the upper surface of the body the effect of

the leakage tends to overcome this influence and

the values of wall density tend to exceed the aver-

age values. It can also l)e expected that the

leakage wouh! tend to make the wall density

wdues near the lower surface of the body some-
what lower than they wouht be as a result of the

heating alone. These trends are noted to be much

more pronouneed for the survey ('losest to the

leading edge, 0.77-percent chord (fig. 19(a)), than

they a," at the largest survey radius, 15.4-percent

chord (ig. 19(b)).

In a(iditio]_ to the data shown in each of figures

19(a) a _(l 19(b), three calculated curves are pre-
sented. All of these curves represent estimates of

the den_it.y iu the core of the stream as obtained

from the data by methods to be described. The

curves _ross one another at an angle ¢ of about
40 ° for both values of radius ratio. The curve

which los lowermost ou each of figures 19(a) and

19(b) a angles q_ greater than 40 ° (heraftcr called
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tile lower curve) is an estiInate of the stream core

density distribution as calculated from tile mea-

sured local pressure (listritmlions on the side walls.
The lower curve for each wdue of radius ratio was

ot)taine(l from an average of the measured t)ressure
distril)utions on both tunnel walls by the relation-

ships

P,,,=P¢=(O['_" (A 14)
P, lb \pt/

where the sut)seripts u, and c refer 1o wall and

stream core values, respectively. The first equal-

ity in equations (Al4) assumes that boundary

layers and gaps have no effect on the spanwise
distribution characteristic of ideal conditions on

a t wo-(limensional airfoil. The second equality

states that the pressure anti density in the stream

core are isentropically related.

The mid(lle curves in ea('h of figures l(.l(a) and

19111) were ('Oml)ule(I from the densitomeler data

with tit(, aid of tit(, following equation:

"_=2b (Ji_pdy+ji¢'r"pdty) (AIS)

where _ is the spanwise average density. The
density wits assume(l to vary linearly across the

boundary layer from the wall wdue p,,, to the core

value p_ as follows:

p=o,,,+(p_--o.,) _, 0_<.v_< _ (Al6)

To evaluate the wall density in terms of the ('ore

density and stagnation <lensity it wits further
assume(t that the walls were insulated, and that

the static pressure was unvarying across the laver.
Thus it follows lhat

(Al7)

where ./" is the lemperature re('overy factor.

Fimdly, the combination of equations (A15),

(A16), and (A17) leads to

p,,, odo, (-5/p,)-(pd-L) I I- (a/b)l
i+? [O;/L)

(A 18)

The middle curves in figures 19(a) and 19([)) were

ewduated from equation (A18) with the tempera-

ture recovery factor f equal to 0.!)and the bound-

ary-layer thickness lo airfoil span ratio equal to
1/6. Use of these values assumes that lit(, wall

t)oundary htyers are t url)ulent and have the same
thickness in the presence of tit(, airfoil as that

measured in the empty wind tmmel (see fig. 5(t))).

The upper ('urve in each of figures 1900 and

19(b) was calculated by the use of equations

(A151 and (A16). However, in this ease the
measured values of 1)oth wall density and average

density across the span were used in the evaluation.

Again the ratio of 5/b was taken to I)e 1/6.

The (liscrel)an('ies between the stream core

densities ('ah?ulate(I 1)y the foregoing three met hods

are attributed to the effects of leakage through

the gaps at the airfoil tips. They are seen to I)e

mu('h greater for the smaller radius ratio of

0.0077 (fig. 19(a)) than they are for the large
radius ratio of 0.154 (fig. 19(t))). From the nafu,'e

of the assumptions made for ('al('ulating each of

the three curves and from their relative positions

in figures 19(a) and 19(b) it can l)e reasoned that
t[te etrect of the gaps at the airfoil lips on the

average density distributions is small ('ompared
to the effects of the wall boundary layers. In

other words, the spanwise distribution of static

pressure is constant over the span ex('et)t within
a small fraction of the boundary-layer thiel_ness
from the wall. It can further 1)e reasoned that

the density distributions ol)tnine(I with the

densitometer are lower than lhe density (listril)u-
tions characteristic of the stream ('ore ahnosl

everywhere in the flow field explored. Nloreover,
it can t)e inferred that the true values of the

stream core density must lit, somewhere between

the middle ('urve an(t the upI)er ('urve in each of

figures 19(a) and 1911)). Thus it can 1)e seen I)y

eoml)aring the (lensitometer data with these two
curves that nowhere in lhe th)w fiehl is the m,xi-

munl (tis('rel)an('y greater than about 10 percent.

6eiger-Mueller counter data. 'l'h(, precision

with whi('h the flow field density measurements

were made can most readily and dire('tly I)e

estimated from lhe least _(luares cal('ulation of the

l)est straight line tilting the (p_, hqQ(Q.,/Q_)_Jq)

data from which density was (letprmined nt each

q_ (sketch (a)). The standard deviation in p was
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computed for a representative sample of data

points from the relation (ref. 23)

8M=SPR k #c _ 2

o

--1 2-- ;
I 1.. i \1 P l

where

SM=S(PR)M=stan(lat'(l deviation iu ,ORM

spR=-standard deviation iu the measured values,

Pn, s, with resl)i'('t i() lhe least squares line

_/D[PR,j--(##_{#I_))]:2

=Iv k ± 1

m = intercept

n=slope of |east S(luarcs line

k=number of pairs of measured

_1, PR,I

vallles of

For purposes of this calculation me has been taken

as the dependent variable; hi[Q(Q.,/Q_)!:] has been
taken as (; the quautity _--In[Q(Q:/Q_)"_], the

value measured in the ('alil)raliou; and the total

uncertainty is O_lSStlllled tO he) associated with the

dependent variable, pR.

An uncertainty in p (hw to the ttn('ertainty in

the measured value of couuter resolving time, a,
used to correct for resolving time losses in count

rates, must also l)e a('couuted for. A single, most

probable value of a was used for all resolving time

corrections. A plot of values of a versus ('ouuter

anode voltage above threshold for a sample of

various combinations of Geiger tubes and couuter

circuits typical of those used in the density

measurements was made from which a most prob-

able single value of a and the extreme variations

in this quantity couhl be determined. Calcula-

tions of density for a sample of data points were
made with extreme values of a as well as the most

probable value. From the resuhs of these ('alcuht-

tions and a familiarity wilh lhe effect of the

resolving time correction on density for various

exl)erimeutal cou(litious encountered (i.e., the

value o' (Q_,/(22)-l, the values of ? .ml Q. the
magnitl_des of the count rates, etc.) au,I the _lis-

t ributio_l of these con(titions throughout, tim Ih)w

tiehls rl us, a guess was made. of the value of a

contribl tion, _cr, to the st.audard deviatiou in p.

due to the uncertainty in a.

The independent quanliiies, ._, aud .,';,, were

comb|hind to give an estimate of the slandar(I

deviation iu the measured wdue of p equal 1o

_._',-q ,_'._2. Results of computations for various

density measurem(mis showed 1)rohuhle errors in
p rang|Jig from 3.,_;_ l0 '_ to 1.72;< l0 " for deu-

sities ill the range ll0_<10 '_ gin/co lo .q3()_(10 ';

gin/co. Hence percentage l)rolmi)le errors of 3.5
l)er('eui for deusities in the lmighl)orhood of

110, "/,l(! _ ffm/(,c to 0.2 l)er('eut for deusiiies iu the

ueight)orhood of 9;¢0/, l0 6 gl]lrt'(. (. WPI'e en('()Hlll -
(H'e(I.

_evel'_ll S(nll'(_Ps of l'andolll (qTOf W(WC presell| ill

the luei surenielils nia(le for lh(' dcterniiuation of

ilcnsity and conlributod in tim exlmrinientll] llli-

corlahilv thereili. Tile lnost, Sigliificanl wll_ l iie

Ill)Villa| slalisiical fhlclllatioli in COil|it ral,es (see

rcfs. 22 23, 24), the (wi'oi's due to which pl'lipa-

gale tlirough t,he qua||lily in [(t)(Q2/Qi)!.;]. Also

ilichldell were expcl'iiliOlital errors ill relidiii 7 ref-

el'elil'O _ halilber l.eilll)erlilllre alill hi roffiihilili g illill

i'calliiig refei'elicc clialill)cr l)i'l,s,_iii'e, i{alidOlii

l!l'l'()I'S I1 refcrl_llCe leilip(wal,lll'l_ Illid t)resslJl'l_

"lv('rc, Of ('Olll'S(', propagat,ed to (qTOF in the experi-

ineill, al _.'lihics of PR tiirollgli ltie relatioil p=_ (coli-
st a[lt) (lJ/7").

The )uaxilntiiii experiiueulal error likely hi the

lllcasllrl_lllenls of 7R WiiS liboIll 0.2 pel'l'elit, while

the iila(ililUlli in ]JR Was itl)Olil ] pereenl, with

lifts ilii,Xililillii errol' hi ]1R o(_('liri'iiig for _iiiall

"¢alues ,if PR. 14"()r lllOSt values of ]JR lhe experi-

Iuenla| error ill |JR was consideral_ly less thai/ 1

i)ci'(!cnt Likewise, lheii, llic exl)erliuenlal eri'ov

in PR is about 1 i)el'COlit or slightly gFoiller fol' ih(,
sinidlesl vii|ties of PR lueasure(I llii(I less llian 1

per('elil for all olhors, boilig as low as 0.2 l)orcenl,

a l)proxi nately, fnl" t]le largest vlihlos.

As_ e: pr(,s<_ioli for the stalldar(| (levhitiou iu the

quanLit ; {:ili[(l)((t)2'Ql )',2] (!all t)e derived frolu l lie
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rule for propagation of independent errors and the

expression for standard deviation in ('ount rate, N.

Thus, if s is the slanlhml deviation,

and

7'y %'_=¥-t2 ' etc.

where t is the counting i.terval. The resulting

equation is

1 , , ,,,, , (A19)

'Pile deduction of the above expression for s_
aSSllllEeS Ull('Ol'F("eted ('OH[ll rates o1', if the count

rates are corrected for resolving time that any

error due Io error ia a may be neglected and thal

_N/t is a corre('t expression for the standard
deviation of u eorreete(l count rate, :V. The hitler

is a sutfieiently good al)t)roximation for purl)oses
of this dis,'ussion (however, see ref. 24 for a

t heoretieal refinement) a.d the assumption of no

apprecial)h=' variation in (_ is valid over lhe period
of time which was required to make the measure-

meres for any single densily (letermim_tion during

a th)w fiehl run. Tiros the above expression for

,_ may lie useful in checking the estimate of the

precision of ill(, density determimltions at each ,_

made in let'ms of the least squares line for o,_ vs.

ln[Q(Q,/ql)_'-']. (,ks .lrea(ly in(lil'ated, Ihe effect

of the uEwerlainty in a on the over-all estimate of

precision of tile density determimEtions has been

accounted for independently.)

A sample cM(!ulation for tile density determina-

lion [a! _--40 °, r/c 0.0692, M_0.705, I?e_
1.06 (10 _ shows the following. The value of

'%R c°mt)ute<l for this sample from the leasl
squares dat, is 2.15 +10 ';. Tim value of ,*_
,()ml)uted from e(lmllion (.klg) is (1.84_10 -'_.

Purling this in lhe same unils as '%n and using
the (previ(iusly slated) assumption that all the

experimental error has Iieen e(IEIC("lltl'ltled ill PR

(in the manner of liE(, example lreale(I on 1). 62 of

ref. 23), we may solve for a lernl ,_._'pR2 id._(:', the

(.ontril),tion to s,,¢ directly due IE) !he (,xl)erimen-
!al error tel the pj_ Elletislll'elllelltS t}lelElselYes. ]El

the Saml)le considered here this gives, value equal
to 1.37<10 -_. or 0.6S liercenl of p. This accords

well with the in(lepen(h_ntly estinmted (limits of)

experimental error in tim measured values of on.
The time variation (if the counter efficiency

ratio (e/%) _Q_,/Q:, during a run could be con-
sidered to constitute a source of systematic error

in density. For most <if the G-M counter data,

Col'rectiolEs for this were made (as noted following

skel('h 60) Ily determining Qt/Q2 before, after,

anti, in some cases, during tlow field runs and

calillr._tions, making a t)lot of QdQ.,- versus time,

observing the lime of the (lensity measurements

and using the ('orrespon(ling value of Q,/Q2 in

(eilher) computing (or correcting) (lensity. It
can be stated that such drifts in QI/Q2 would lead

lo errors in density varying over a set of data
from 0 to 10 or 12 percent, and that the correc-

lions which were applied account for these errors

at least aI)lIroximately. The accuracy with which

the Q_/'Q._, versus time relation is known varies,

mlfortumltely, liy an unknown amount, with differ-
ent sets of dala (tmmel runs), and it was not

i)ossible to ascertain wilh llreeision how good the

corrections are for such systematic errors as are

due to drift in Q_/Q:.

For the particular sel of densities (and hence

0/m) for which M_- 0.705, Re= = 1.92X10 a,

r/c==0.()923, it is strongly suspected, from an

independent determimltion of flow field density at

the last point in tilt, tmmel run, that systematic
errors most likely din' to drift in Q_/Q_ exist for

which (.()rreeAions were not directly made owing

to the absence of "_ 1)rol)er measure of the terminal

value of QdQ:. The value of <tensity at _o=2 ° is

quite probably h)w by about 9 percent and all other

densities are low 1)y decreasing (but only approxi=
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mately estimable) percentages for the other,

increasing values of SOfront 4 ° to 345 °. At so

=345 ° this sysh, matie error is undoubh, dly less

ihan 1 per cent, t)rol)ably less ltnm 0.5 percent.

A few olher st'is of data in whi(']l there may

exist some residual sysh,mati(' errors arising from
this source and for which corrections couhl not be

(letermined ave those for which l:c: 1.(,)2X10 ",

31o _ 0.705±0.006 r/c 0.0539 (p. 46); I[e_

1.92)<10'k .ll= = 0.705±0.003, r/c-_O.1231 (p.

45)" I:e_ = 1.935_10 *;, M_ = 0.705±0.003, r/c

=0.03SS, pt 14.79 (1).47)'1_e_, 1.92Xl()%:1I_

-- 0.705 ± 0.00;3, r/c_0.03,',15, Pt= 14.71 (I). 47).

A eon(lilion that it was considered shouhl be

fultilled for the deh,rmimltion of densities by

the method descril)ed in this report is that

ln[Q(Q../'Qt)'/"-].u should I)e in(h'pt'1,h'nt of p. A

sel)aral(, exl)(,riment was mm to ehe<'l_ the exlent
to which this condition was met. It was found

[hat all apl)roxinmtely lim, nr variation of about

5.5 per('ent o('(!urred in ln[Q(Q.,/Qi)I/=']i over a

range of densities fronl 0.0001 to 0.0014 gm/('c
when the counting data used were corrected with

moderate accuracy for resolving lime. A varia-

tion of al_out 9 l)ert'ent oc('urre(l over the same

density range when 1t11, counting (hlhl used were

corrected for resolving lime with approximately
the satne un('erlainty as that aitending lhe

resolving lilne ('orreetions applie(I to the flow field

data. (The variation was 12 percent for the case

where mworrecte(I counting data were used.) ]t
may I)e ('on('luded that the ('on(liiion staled above

was 1)rol)ably fultille(I wilh good accuracy for

some of the [h>w fieht runs and with just moderate
accuracy for o/hers. The dish'il)ution over all

the flow tMd runs of a discrepancy in fulfillment

of this _ondition is not knovcn, however, inasmuch
as the ,listributions of aT and an about the most

probable value, a=133g see, are not known

(althouzh the limits of uncertainty were ascer-
tained :tn(l a guess was made of tile wtlue of s_).

Variations in stagnation density, Dr, are con-

sidered to have had a relatively negligible effect

on tile l)re<'ision and accuracy of the tlow field

density determimdions. The probable error of an
in<livid:ml measurement of pt estimated for a low-

density tlow field run showing nutximum wtriation

in ol)se_'ved stagnation pressure is 0.t5 percent.
A further eheeli was made for the standard devi-

at.ion in the calibration quantity, G,=ln[Q(Q,/

Q_) 1/2]. For a saml)le , typical run the standard

deviation was computed from the measured indi-

vidual,leviations of plotted points from the faired

curve through them for the calibration relation,

iL, vs. ¢. The value was also compute(1 from equa-

tion (A19) for this sample of data. The wdue of

S_M de( ueed ['rom the plotted data in this sample

vcas 6.18 X 10 -3 and that calculated from equation
(A19) was 8.29X10 -s. Agreement should be ex-

pected since it can be correctly assumed that

error in so is relatively negligible here with only
G_ sul)iect to error and furthermore that this

error sl ouhl be due just to the compounded count
rate st itisti('al errors. Since errors due 1o me-

('hanic_l sources (in the bushings) were normally

small t y comparison, departure from this agree-

merit u ouhl have to be explained [)3" inadequate
correclion for (d_/Q'_ drift during calibration.

l_adi.graph data.--Errors in determining air

densiti(s from radiographs were many and princi-

pally o unknown magnitude. The following list

include ; all known sources of errors, their torture,

and ('st males of their magnitudes.

_0 It FC('

I':xl)osur'v tim(,_ ......................

x-ray I)c:,m (livcr_(,twc

X-ray _I)e:mt l)alh-lcngth (tiffert'nce through

s_g_ing lllCIll_}r:lll(,

1)iffcrcnces in fihn spcc<i ............

Nature Probable error

Randoln ........ ± 1 percent

Systentatic Negligible

Systemalic Unknown but probably negligible

Random _ Unknov:n but probably negligil)h, since all

fihn v, as from one mfg. lot

Taper in film I)asp_ _ _ Syslematic ..... ± 3-percent density variation in l-inch radius

Instabilities of photomultipli_,r tube and light Ran(lore ..... Unknown but probably small for a singh,

:ource uninterrupted series of density measure-

lll(,lltS

Mechanical posit ioning,:

(a') AI)solute locatioll ......... Random ..... +O.16-pereent chord

(b) Rel:ttive locations ..... l(an(tom _ __ ±0.02-percent chord

Scratches, dust i):trtich,s and finite grain size Random .... Led to density traces which varied ±2_:.,

of l>hoto_raphie re,ralston percent of the median



APPENDIX B

THEORETICAL (_ALCULATIONS

By means of the procedures indicated ill refi,r-

enee 7, another solution for the t)robh,nl of a flat

plate at angle of alia(q,: o[' 13 ° and free-stl'eam

M'leh number 1 corresponding to a different

separation bubl)h, pressure has been obtained.

The value of the i)ressure chosen corresponds to

a Maeh number of 2.8{) on the separation stream-

line. Sin('e this pressu.re exceeds lhe maximum

theoreticM wdue lwrmissibh_ for expansion to the

limiting wave at the leading edge, tim [h)w in the

subso.ie portion of the fiehl is dependent ripen |he

assigned value. The pro('edure for solving this

particular prol)lem mmwrirnllv in the hodograph

plane was not discussed in reference 7; therefore,

a brief smmmtry of the melhod of solulion is

presented here. In the following discussion

knowledge of the methods eslablislwd in reference

7 for the tlat plate problem is nssume(I.

*( w,,_-_)=0 D
c

7-3w2 i

+,2_ww+W I-_ _, + I - w2 _, -C i

i y-lw 2,w i y_l w2 8B- I E
Y÷l 7+I

_/w(O,8): 0

-a3 < _ (I,0) <÷a:).

q,(w,-a):O B

Skel('h (c)

METHOI) OF SOLUTION IN ItOI)OGIIAPH PLANE

The bomldary-wtlue prol)h,m in lit(, h()(logr_q)h

plane for tit(' i.viseid irrot, al,iottal flow al)oul n lhtt

1)late at 'ingle of att,acl,: a and free-stream .Xlarh

mmfl)er 1 is its shown in sket('h (('). (The notation

is defined in _|ppentlix C.) Polar ('oordimttes w,

0 have bee|t drawn here in re('langular form in

('onforn|an('e wi!h the present ation in l'e[erenre 7.

Sketch '¢l) shows the eorre_l)ondin ff flow in the

physical plane. The stream funt.tion ¢,(w,0) is

specified as zero on the 1)oumlary At_CI)E and is

required 1() satisfy the t)roper singulnrity at the

free-strean_ point O. Condilions on the limiting

ehararteristirs OE and OA are tmspeeified ex('ept

that no singularity t)ropogates _l] () ' _ g them. This

0_ SeporoCed

region

Shock waves

/
/14< 1

Sonic hne

E ipons_on "[

Compres sion j_ Moch wove

, ,:' M>I

Limqhng

Moch wove

0

Skcl ch ((t)

is the 1)robh,m as was formul_ded in reference 7

for which the_ bul)l)le pressure is equal Io or less

than that require(l for expansion of the (h>w about,

the leading edge to the limiting wave OE. For

the pressltre chosen in reference 7, the lml)i)le trace

in the hodogrnph ,q)t)ears its _ line .w=eoltsllt.ltt

starling at I)oint E. For an even lower 1)ressure,

the eorrespondi,,g trace w=eonstnnt ema,,ntes

from the leading-edge characteristic at a point to

tit(, right of 1)oin! E in sl<etl('h (('), anti the solution

in the region ()ABC1)EO is e,ttirely ittdepemlettt of

this pressure. On the oiher hand, for a 1)ul)ble

pr(,ssm'e greater than |hat associated with point

E, the lraee o[ tire lmt)t)h_ between tit(, leading e(Ige

and the limiling wave appears as shown I)y the

broke, line I G, and the entire solution depends

upon the wdue chosen. This latter ease is lhe

tyt)e whi('h is eonsi(h, red here.

For purposes of illuslrating lhe procedure for

lowed in ol)t.tining a solmion, let _b°(,w,0) represent

the solution obtained in refl,ren('e 7 for the region

39
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OAB('DEO of sketch (c). Next, let _0v,0) 1)e

the desired sohtt ion wit bin t he region ()ABC DF(I().

These two l)roblenis differ only in tilt, requirenmnt

that ¢,bv,O) is specified as zero oil lilt, new boundary
FG. A straightforward apl)lication of the met|l-
ods of reference 7 would result in the desired

solutioll g,(u,,0), llowever, a procedure whi('h

produced lhe SalliO result with liitleh less time aiid
(,ll'(ll'l tlaS beet| used ttiid is described in the follow-

ing I)tlrtiTrllphs.

The classical [)ro('(,dure for solving linear bound-

ttry-vtihlo l)robh'nis involving It siligtillii'it3, is lo

ol)htin it siilgll|lir solution whi('h salisth's silnl)le

l)Oiliidliry ('Olidiliolis Itnd to Sllperpos(' a nonsin-

guhu'sohilion such tiilll the result slilislies llolh

lilt shiguhirilv ttnd lhe l'elnninhig boundllrv eOli-

(lilions. .tit ttllllhigo/Is [)Fo('e(hll'O ('till hi, f(tllowe(l

7pcw>.-_):0 D

I 7-3w2

,.z+ww+ w -'V_T- 7_., + i-wZ_lee: 0 (w.e)=_,°(.,,e)

I '-_*llw2 ' )'-'wZ'_+'_+t

C_
_(w,-,_)=O B

Sketch (e)

in the presenl case. Shl('e _,°(l,f_,O) lllld ,ff/(tC,0) ilIIISL

bolii slttisfy the Siillle fl'oe-StFl'ltlll singularity, the

desired l'esllll ('fill It(, el)hi|ned t)y Slll)ei'poslioil of

i//°(m,0) and the sohllion i()ii [)rol)el'13' posed llOii-

Sillglllltl' ttoundliz'y-vtilue pl'ol)lein. To tills end,

('onsider ll prol)h,i_n its ])resented in sketch (e).
Tilis proi)leni for _//('11>,0) ]ills |lie sanie 1)oundaries

Its lhe problein for i°(w,0) (see sketch (c)) except

for the foreshorlenod supersonic region wliic]l is

now liniited by the lloundary FG; ¢, is regular tit,

th(, fr(,(,-Stl'(,alll point 'u' - 1, 0 -- 0. It is lhus
i

seell that supl,rposilioli of _°(m,0) ltlld _(TI!j0) will

result in lhe sohiiion _(u',0) provided lhc rubies

ll_(tP,0 ) tilollg ]2(_- are sliecified as _°(u,,0). The re-

lationshi t) (!till I)(' written as

_(.,,0) 7.°0.,0)-_(w,0)

where d/°(,',O)and _(u,,0) are sohitions to lhe prob-

loins presellicd ill sketches (c) and ((l)j resl)eC-

lively. Tile ('onlril)ulion of lhe present etrort is
lhel'efo 'e reslri('te(I to l)roviding I1 nunierieal solu-

lion lo ill(' ]w()l)leni for$(w,O). ]t will l)c recalled

lliai lit, sohllion given in reference 7 was otihiine(1

t)y sul.erposition of two in(i('l)l,ndenL sohltions

(oli('}i (')lilaillillg it re(lllil'('d I)til't of lhe fl'el,-slroiliil

singuilt 'ity) in su('ti a liitllili('I" its to salisfy |lie

con(lili )11 ttiltt the stagnation slrelunline )ills its

ttran('h l)oiiil tit, Z(TO veh)city. ]n the presenD

, 'v' 0 << o _/ 0case. h,)wever, it is assumed that _() ¢, (_,)

for u, << 1 slich thltL tile sltignlitioli sireanlline

_('u',0)::0 is coincident (within liluils of llUlllel'ieti|

|tel'ill'it(V) wilt| _°(w,0) 0 for w -> 0. This ilS-

Stllll[)li )il lllOtlllS pliysically thai even lhough tile

wllole -qll)sonic field is altert,d ])y ti. (!htlllge ill

I)ut)l)le l)resstll'e, liic effecL is expected to t)e quite

negligilde at the stngnution point for l'ettSOliab]y

sIIIIIH ('hltllg(,s ill ])l'eSSlll'e. This nssulnption was

('heclced Zllllll(,l'i('llllv in Ill(, tiodogralih ul)on COill-

phqion of lhe solulion _(w,O) and WtlS found io 1)e

juslifie.t.

in lie l)rece(ling discussion, lhe solution _('w,O)

is des("il)e(l hi l(,l'liiS of the differentiltl equttlion

ll.ii(| be in(tary ('oiidilions tls sliown in sketehes (c)

and (e). t[owever, the nunieri('al soiulion for

7(7t_ 0) ,vt/s il('l lially el)lit|ned it3, _h'st lrltiisforniing

the dif'er('nlild equation inlo ii fern| reseint)iing

Tit(ell i s e(ltllttion (see eq. (7) of l'ef. 7) all/l lhen

solving this equation in the lilajOl" l)orlion of lho

]lodogr:tph. Details of lhis i)ro('e(lure ill'e pl'O-

sented in reference 7.

The detailed mmwrical procedures used for ob-

taining etw,O) tit'(' lllniosL |dent|till to those devised

for tile _olulion g,°(w,0). _Olile ('Ollll)llltltiOlltl| ad-

"vail|Jig 'S Wel'(_ realized ns it result of the abSellee of

the fr,e-streani singularity. More inipol'tant_,

howevl r, was the fact that tile ]iirges1 values ()f ¢'

WeI'P (')ll('ellil'It|('({ ill the Sll])(q'solli(' region ]lellr

lhe I)oin(hiry 1;({. This ('on(lilion led h) rapid

COllVl'l'_el)('(' of tile roiax;lli(tll i)l'()('esS ill lho Sill)-

sonic r'gion (u" <_ 1).

Ttl(' slreani flin('li()n i_ tubultlle(I ill lii])le II.

TRANSFOIIMATION TO PHY,",;ICAI, PLANE

The 1)ro('edures used for irllnsfol'nitition (if the

sohiliol _,(m,0) lo lit(, l)h3"si('til l)hine Ill'(' lliose

indicated on plig(' 43 of l'e[el'(,ll('(, 7. Till, illlllg'e

of file pit|re, the lines of COlislalll m, lind tile
(quirli('. erisiics were till ()lJltlined I)v sti'liig']tl-

forwlu'[ nl)plicllAion of liie lrtinsf(n'nililion equa-

lions ll4 lh(T(' pre_eiil('d. For the 1)i'('s('lil I)rol_l(,ill
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an ndditional ('Oinl)Utation was 1)erfornled to

permit construction (if ilL(, conq)hqo sot)arntion

bul)lih' ili_i]ie hodograph. Ttlis was done liy

oL.--_ _

\

Sketch (f)

llppli('lition of the ('onipullilional 1)ro(!edtires

dev(,lol)i,d for lhe hllerdoli('ndiuil l)orlion of

lhe :-:,lll)(,i'sl:)lli(" l'Ogioii (i'(,giOll I)F(I() ()[ skol('h

((,)). In ttds ]iiltnli('l', till! solutioli l]/(tp,0) wl/s

('onthiu(,d hilo il trilingular rogh)n Gill llS is

shown in sl_.(,lcll (f). "I'll(, sh'lf)o (if lh(, 1)ul)ltio

in 1]lo ])]13siclil ])|llno wiis iholl found l)3 + integrli-

lion of the iil)t)l'Ot)i'ial(_ funelions lllong lhe

t.lotilldlll' 3, F(il[. 'I'ito ('hi/l'il('tt'l'istic t I [ WilS

('h(iS(,li stifli('it'nily (.lose to 1)OiliL tl 1o ilisllro that

tllo lml)bl(, |l'il('t'. in ilio plo'si('al l)hin(' would

intol'se('t, th.e surfit('(, of (tie phlh,. In tilis ]llilllll('l',

use of tim niiqilod of (']llli'li('lol'isti('s for 1]l(, I)ul)l)h,

eonsll'u(_li(in wa: elhninated. -t ('h(,('k on lhe

l%('('Ul'll('v of t.h(' l)i'o_(,nl nlelhod wi/_ ol)lainod

|)3 r (!illCtlllllilig lh(, 1)ul)lJo (if rl,flT(,n('t'. 7 lllid

colnt)lii'in g whli the i'(,_iilts (-if 1Ira (,tmra(.iorisibs

(.onsll'uelion. The i|gl'oonionl t)(,lw(,t,n tho i'osulls

of the two nietitods wa_ found to I)o (,x('olh, nt.

(_ee fig. 11 (b)).

Ti,, i'osults (if tho trllnsfoi'nnltion_ ill'l, l)i'os('nted

hi figur(,s 11 an(I 13 lili'ough Ilk ])iscus_ion of

t iiese resu[l_ is ])r(,senii,d in lilo inliin I)odv of tile

1'(,[)o1'I.
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1
Slol)e of _ vs. p_ lint,-

area of ('ollinmling aperture

spnn of test body

chord of test body, (H._in.
P P_

pl't'SSUl'e (!oeffi(_iollt, ,,) ,,
(U-)p+_'=-

pressure coe[licienl at free-strenm ,Xlach

number u.fity

ttqllpel'nl Ill't* re('ovt'l'V fll('lor

dimensionless fun('tion (is('(' eq. (AI3))
Plan('k's constant

humidity

X-ray |)e.nm intensity

number of pairs of iiioltsuro(t v_tllles

(p,e, ,_) in a density determinntion by

(h, iger-Muelh, r counter (lnla

X-rnv beam l)ath length

inter('el)t of the lint, o, vs. ,_
M_wh number

slol)e of the line 0_ vs.
('OUllL i'll { e

|)lR_SStll'e

[)I'USSU['(_ ill ('ol'e of StF(_H.III

total 1)ressure

1)ressure on wind-tunnel wall

boundnry-]ayt'r tolnl pressure

beam intensity ratio, i,_

l'tltiO of CO/IlII l'tltes

st'nhtr distance or rudius lllOltStll'e(| rl'Olll

proje('ted hmding edge

t{eynolds number
st,u,hu'd deviation

.,'(p,y +,
('onll'ibuli(in ttl standard deviation in

density due It) uncertninty in o-

lime or counting intervnl
ahso|ul e tern I)eraI ure

Sl)eed of th)w

llhOtodensitomt,ter output voltage

pholodensitonteter referen('e outl)ut volt-

tl_O

speed of flow (dim(msionless through

division t13" critical speed)
scalnr distance

scahw distance

s('nlnr distance

angle of _ltln('k

fl_ cMit)ralion dtmsity in('rement, (or--me)_

y ratio of Sl)e('itic heals (1.405 in theoretica[

('ahmlations)

5 boundavy-lay(,r 1hi('kness

counting elth'ient'v (if (}eiger-Mueller
(!0 tl I I Iel's

0 in('lination of IIow ,,wasm'ed ('ounlerHoek-

wise from the t'r('estrenm dire<qion

u mass al)s(/rption ('()tqti('it,nl

v fre(ltlellcy

( %' ='-1
In EQ \QI/ [

p niv (hmsily

0_ density in core of stream

p, stagnation or total density
o,,, density at wind-tunnel wall

0- ('ounter resolving time

¢ polar ('oordinnle nngh, al)oul lh<, t)ro-

j(,(qed leading edge
stream function

stream t'un(qion ret)resenting solution to

probleln as defined ill sket(,h (e)

¢0 stream runt,(ion r(,I)resenting solution ob-
tained i,l r(ffer(m('e 7

SUBSCRIPTS

c ealit)i'ation (I'11a

j general index
A[ "match point" vnhw

. original or initinl vMue
1{ referen<!e (']ran(tier

T tunnel test section

m strenm ('ondition nt r(,f(wen(:e l)(tint in
wind tunnel

t on :\' (for counter int(,r('Imng(, test) or + or o-

denott,s (_(,ig(,r-Mu(,lh,r ('ounler IHlntl)(,r 1

e on .V (for counter intert'lmnge If'st) or e or a

(hmot(,s Geiger-Muelh,r <'<)unl(,r numl)t,r 2

1 on Q or l denotes tirsL COtlllttW tlITtlllg't'llltqlt, ill

C()tlll[ 21' interchang(,

•2 on Q or t (h,nolt.s set'(m(] ('tinnier arrangemenl.

in cot uter int('r('hnngt'

Suhscril,t on ._ (wh(,re not otherwise d<'lint'd) tie-

notes quantity for which ._' is lhe slanthml
lit'via ion

No suhs('ript, on Q or t (h'noles funnel run (htta

SUPERSCt_.I PT

(') _tew 611"('orrecl<,(l quantity
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TAI{I,E 1.- TAI{UI, ATI()N OF ])ATA 1;li()M I)ENSIT()METI,;R

(a) Arrangement _

- ).l :_ =1,7115±0.0(13;
]

r;'c = II. 1,5;t!_

.......
I

l_t'_,=l.92Xl[_ I I¢_ =1 (I1XII, _

II<__LIH_I25 ! )1 <!h110045 l
#I=1),1X)2133 Sltl_S,t'll ft Pl =ll.Oql11311 shlus/Cll ft

I pt=l|.71 tb,'_q ill, DI=7.376 H_,'sq iIl.

I How fiohl Flow licld

i .....
I

(pfOtJ me_,_red ¢' (P'PP .,,.a,ur, d i _'dog de_
l

t ,'L'L, [1 I). 2869 [ 11

.3365 5 .315!1 5

.3310 lo .3142 111

.33]9 12 .3112 12

.3256 1 t .2613 1t

.2561 15

.2601 IG .2493 16
,2616 i 20 .2596 °0

.31 I+k') i 311 .3{_11 3()

• 37Fll 413 . 3654 40

. 4429 50 , 4&_,9 50

. 5147 GI) . _rA)N9 60

.5793 711 . &'_41) 711

. G2113 SlI . fi441_ S[)

• 73;_) I Ill ) . ti_,_2 1Dlt

• 7994 1211 .77_7 1211

. N;{_¢_ 11_11 . _3;fll 1 I)11

. ,_139 21_) , S511t) 2(_}

• N931 240

• SG_,5 2NIl . _,9_2 2_11

. _12 32_11 . !)1124 3-X]

. ss,_5 345 .9153 345

I_e _ = °,f)±ll. 1 X 10_'; r/c = II. 1539

:%/'c_ = 0.TfiN :_/'+ =11,737

ll<ak01)l)21 H<lh001121

pt=11.(102135 slllgS,/('t fl m m=().(_)2135 S|III_S/CI1 ft
Dt=14.73 Ih,,"sq ill p_=14,73 lb/s( 1 ill.

l"h)w field t"l<_x_ Iicld

.....P .............. I deg i (p'p') ............... ,1,,_

-- " - i - ]-- --
0. 3377 [ 4 It. 3647 4

• 34 I 5 , ',ttL_ti 5
• 3410 10 .3669 l I)

• 331_ 12 .3433 12

.3324 14 .3655 14

.2724 lfi .3698 1t1

• 2N57 211 . Ln313 20

• 931t; 340 .91._. 3411

• 9234 341 . !i'1151 341

• 9244 342 .91_)3 342

• !!2N9 343 ,90117 313
• 9353 344 .9235 344

I

3/_ =0.707 I ._[_ =0.737

tt<0.I_M122 H <0.011022

0_--11.1102137 shl_zs,,"cu ft I #7=0.002137 slu_s/cu ft

t)t= 14.74 1]li'Sq ill. I pt=14.74 lb/s( 1 ill.

I

• 2799 211

• 3241 31}

• 3908 411

• 4556 59

• 5254 d0

• 5,_',67 70

63G4 g(I

754g 1°l)

81197 160

8463 21111

8694 241t

• N_,93 '2_11

• !t(1711 320

a. 9155 a 345

,tt = 0.0004.

• 3971

• 29(}_ 21)

• :{/31! 311

• 4592 40

• 5209 _il)

• 5!1:t 1 70

• 71_;li 1

.7 Y:I)1 121t

• 7!174 1 I11t
.831_ 21_)

. _558 2,t0

• 8759 2_",0

• _,99 320

• _,¢,15 345
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(I, 2x17 a 2

.2N;¢+ ,, 1

• 2t+15 " G

.2356 _N

• 22(i_ a l(I

• 221111 a 12
.23t17 16

• 2.INk 20

.29111 311

.2¢5N7 411

.4477 N)

• 51,5G I_l

• 57G11 711

• 642N Nit

• 7407 31111

45



46 TECHNICAL tCEP()RT 1¢--66- NATION:%_L AEI_,ONAUT CS AND SI'ACE AI)MINISTRATION

TAI_LI,] I. T.\I_['I_ATI()N ill: DATA FI/()M I_I':NSITO.MI'iTICI_--ConIinu_,d

(:t) irr:mgcnmnt i (_ot linued

A[ _ =_1.7115±0.1103; r.'c = L 14! 2

t_t;_ =I.!_¢X1D rj ] IFe'c_ =l.ll_iXl_'
II_tL_X_I:I2 II<ILIIOl)4

ot=0.1)02135 slu_s ell ft iJt=tl.lllll147 S] _S' ' t

I_t= 14.75 lth,'S,l iII. :_¢= 7. t4!1 lib's( 1 itl.

l"hm 1i('I(I i Fh,w _i*'hl

.... I ...... i

IPP l) _,,,'.,,:_ ,,d

0.2;_115 2

• 2153 4

• 21127 I;

• 21 )25 N

.212i{ 111

• 211113 12

,2I)NN 1ti

• L_50 2(1

• 21;!11 3¢t

• 327i 40

. ;1!174 511

.11;7_ 1;11

, .',2K!t 7tl

lil)21_ Nil

,71!-I K 1(_1

. 77411 ILXI

I?e_ = I.!_$X lO o

0.(10tl5 </1 <O.CtX)9 l

pt=I).IX)2132 SIll,S/i'll f[

pt= 1 1.t_!t ll/sq iII.

• 2227 (1

.21 _;_ 5

• 2279 ll)

• 2554 2o

• 11117 45

• 11171) S(I

• 75119 120

• '_515 1 (;_l

• S91;2 21111

• !IIDI) 24(1

• 931 ", 2b()

. t) t 5_ 3t 5

lie m = 1.92 X 1(_

11 = ()A_)Oti
OI=0•IME2132 ShlKs't'tl [t

t}t = 1 |,1;9 lh, sc I ill.

• I;121 ] _,0

Ice_ = n.!13×Ioo
] 11 = 0.(111t)65

pt=lL(ll}2144 ShlRs,"('II ft

1)¢=14.79 ILLS( l ill.

I
• _,3!U ] 1¢,0

• !tt)54 210

_r', _ Iq2 rp,p¢_ :/,,r/_,[rt,,l _-, dl.g

I). 1711 I;
. 17:ltl

.3123

• 2_()59

• 3120

• 2_ 1¢i2

• 2(_17

• 21¢_7

• 224O

• 223;',

• 24112

.2!K_( l

.3,|_5

. ;lK_!)

. t21_;

• tSl;2

• 551111

• ell 53

• 715_

• 7S4fi

2

4

h

1(1

12

1-I

2tl

4tl

45

50
(;(I

711
Nil

lifo

12!)

• 1714 0

• 2_)!)7 III

• 24112 311

• 3_._9 45

• G153 _0

• 7_45 120

• _27:1 140

• _7N2 200

• 9014 22(I

• !I(}(H ) 240

, !IIIliN 21_0

• !1171t 2_1)

._t171 31_11

• _,1,'F25 ;/15

_irm =(1.7(15JJ).1)110 ; rfC=l).US:{!t

I,'_,, = I .!12)<11)_; I_r:m = I .tl,SX 10 _;

I)•lll )117< L/< (I.I I(ll 5 ().l H)1)2;'_< / / <ll.( NIt] iN

pt =(],llII2] tl) bIIIRS."I'll 11 pt =I_tMI]/4N ShllJ_,/(:ll fL

pt=14.Tli lh/s(l ]I1. 1_1=7.159 ]h.,'sl I in.

]"hlw fi(,l*l Hov,- lit,l_i

i It• 1')')'l.., ;15!t. 75

1247
121_

12:_11 /.5 ]12_15

12(,F, _o llllit

152!) 4

I(i!U 5

It. 16_,_9 2. 5

• 177-1 11)

• 2114 20

• ;l(i(iG 45

.(il 33 SO

• 71_115 120

. :,..3!)2 I 6t)

• _7_,4 21111

• 01_1 2411

• 9371 ;131)

• U22:_ 345

17L'_,_

1747

I _()7

1S52

I957

• 1111111

• :_271;

• :_t;tlS

• 4G59
a. 5220

,,. r,_41

1tl

12

2O

311

t0

45

51)

I;l)

_70

1= 0.000(L5



A STUI)YOFTHEASYMMETRICTRANSONICFLOWPASTA SHARPLEADINGEDGE

TABI,I,:I. TABUI,VFI{)N()FI)ATAFR()MI)I']NSIT(_METI+:I_Corltitm{,d
(a)ArrangementA- Conlima,d

ltc_:-2.0i0.1 _ X]II'_; r/c-i).l/ES!l

,_[_ =11.71t4 _1_ --11.735

11 <_(),110{}4 1 [ <0,0110 |

pt =(I.002139 S[llgS/('li fi pt =(1.{1112139 5111_2S]('1I ft

p¢=14.75 llF'Sq ill. ]}¢= 14.75 ll}_slt ill.

FI(}w ti('kl I:b)w fiI'ld

i(p,,'ml measured i _, (h'g P,"P') tlkt.et,,Lre,t re, Ih'g

II 1400

+ 15_3

• 1722

+ 1712

. I 7S5

• 1732

• 2552

• 37111

,3917

,52_1

,59_7
.69!_+i

.7720

. '<363

11<0.0{}0 t7

'2 I1. 2372

'_ 5 ,2372

6 .2121

lt} .1 !1+_7

3O . '27'2t1

41) .33_iI

541 .4O54

7O

100

12tl

1_)

2,_}tl

p_=lhOt12141 sl _%"' ft

p_=l t.77 Ih.'_q in+

• ,_Y,';2 210

.9491 320

.9693 3t5

I
2

'2. ,5

5

6

311

41t

51b

, ,5'JgK 71J

. ¢i1 I9 _,lt

. 7115 1111!

.7721 1"_}

• s2s7 1 _

,_[¢0 = D.736

1/<lUll 11I;42

01={1.111121 tl shlt2s (ql 11

p¢=14.77 ll>,"sq in.

• _95:1 2 I[I

• 92+il 2_11

.93{_7 ] ;I L}l}

.9512 347,

,I l _ = 11,7115 ±1LII(13; r,,"c =0.1}3S5

If_ = 1.92XI(P _ I ]_¢'_ =I-ItSXI()_

11,01104 ( 11 <l),tlll{l_ II<(u)(_{_3 i

pt--lk00213_ Sill_2S."(ql fl p,--_0.(llll]4_ shl_.."(+ll fl

p,=14.74 lh..'sq ilh . ._ p_=7.45_1 ]h."_q in.

FI{}x_ field I Fh,w fi('l+t

I

p.,p I mt'tl_,lr¢,l ¢,

dt'g

I

I

11.119t3 2 5

• ]l)ll 5

1¢1 _ -- I ,!+2X lO_i

11_11.111I(}{',5

¢,_--11.1}1121:12 SIlI_S/(ql fl

lh--I t.fi9 ]h,:sq in.

II. 119l 4 5

• ItOi 7. 5

(I 1111{117_ 11 _41.011116

p¢--11,(11}2144 SIllgS:PII fl

p¢=14.79 Ih:sq ill.

11. 11172 I)

• IO94 .25

.(t93(I .5

.(1_}65 1

. 1046 _.,5

• 0_35 2. ,5

.0779 8

.{1751 t

,II+",I_ 5

• 11!+9 7.5

II 1!17!1 15

• 21 17 211
.2(;YO ;12

. :1531 15

.12111 ,',5

]i'_ ¸ ._ = I .!!2 X 111'_

t I.II1111;_7 < l / <:t1,1}_1{17,5

p, =1J./1(1£[31 slIl_S cu I't

p,=ll.71 ]h,'sq ill.

I), IS71 ll)
• 5111;:t (;B

• ,379_ 75

+Jill; I '_l)

.71127 1211

, !+13tl 2411

.!11111 2_1

117x 11t

. 1707 I.,

,252_ :12

• 35o3 13

• 3!1_3 ,5r,

.53'*5 75

.5715 _11

• 71;q5 1'111

• S56_ I 1;_1

• _!+_7 210

. !!361 2_tl

• 9¸157 3'111

• 911;I 3¸t{I

47



4_ TECHNICAL REP()RT R--(i6--NATIONAL AERONAUTI,?S AN]) SPACE A|)MINIST]_AT1ON

TAI'IIA,: 1. TABUI.XTI()N ()F I)ATA I:I{(LM IIENSIT()MI,TFI,H{ C(mtimwd

(a) .\rrangenmnl A ('(111 imwd

),[_ =l) Tl)5±l). 003; r:('-(t. I)531

/?r ,, - 1.95X I1)'_ /t,_ o, - 1.05X 10'

l l ___fl. IXI09 1 l <(I. Old)f5
pl--(). 11115135 sltlgS/Cq ft pl 0. 001150 Shl_S/utl [I

pr - 14.72 II',/S( I in. /h - 7. 466 lb:s(t itL

l"lov, tiehl Flow tiehl

• 0926 l()"

, 15111 1;I

• 1fi5S l(i

• 1)135 l+k 5

.1 +iSIk 17

• 17(;,') "_)

• 2224 30

.2715 _,fl

,311Di s)D

. 11_7 60

• I!1+t 711
.55k!1 ",11

• _,5;I Y 16(I

• 957Y 24o

• 9191 2_4)

. 991q 350

• PTt_) 31 I

/,)+ _ = I. ii2X 1f)')

p : 11,0112_13 1 "_ltl_ _:'Vll ft

pr :11,71 ]b '_ll irh

• 2351 3O

• 2763 441

.3t()5 50

• 12_) _. +_I

• 5"213 7o

o. o771 5•75

.OUlO 7.5

• 077(i ill

•091 _, 13

m 1411 1(i

• 1337 1_i, 5

.15',_ 17

l'e _ = 1. I)SX IO,

11<o. OU03

Pt=(). I)l)1145 HIlll2_,('ll fl

IJr=7. 133 Ilv'sq in.

• 1457 17

• 15511 24)

• 1 !11_7 30

• 24_9 40

• 31'_(; 50

• 39411) (i(i

.4572 70

. .5394 +41

• qill3+i 9(I

-'_1,_ =0.71)5it). I)03; r,'c =0. 0154

f'+ :x_: 1.94X I II +:' /'," -_,= I. 05X 141Pi

I I <JL (_10375 l l <J), o()o3:5

p1:0,1_12136 ,_[llg_y('ll fl pt :=0. (lO] I,_X) SItI_S"('II ft

pc: 14.74 II),,'sq in. p_=T. 41)H tlh"sq ill.

I"h)w field ] l:h)w liehl

/,"pt I measured (p,
'h'_

1,5

5q

23

'2•5

57

30

() ] 103

, 1551

• 1_53

• 1!)17

• 2( X)(,)

. ;=_1711

• 5i;19 1_)

341 I 5( )

. tI_) GI)

• 5O23 7()

• 5+139 NI )
• 7701 120

• _537 1 I;1 )
, Y_"d)9 5[ 11)

, t l'3(kD 2:il)

I, !1525 2_,11

h. !11]99 3 L"()

h 97C1 33_

( P,"P¢) meaeured

I). 121!)

• 1255

• 1531

• IOSl

• I(I(1!)

, (1!1_2

, (I!17o

• O!X)(;

• (19L*_)

• 0!)_7

1'(_ = I. O,SX IO 'i

I I <0, ix)us5

p =(}. I)(}11 t5 slu)zs ('11 tt

1)_=7.441 lh,"S(l ill,

+ll_7 1 15

• 1313 5(I

• I q", | 22

• 17:1!) 23

.17!)(; 21

:,. 1753 55

.177!) 27

• 21154 30

_ •21(;I 40

I,)( m = 1 IhSX I(: I
II<o, O4X}31

p<=l) 0111117 SIIIISS,"Ull ft i
#: 7 lift ]h'Sr I ilh I

. 1959 5,5

• 2753 1()

.3;I);3 5+)

. 1(I,31 +;[l

• 1911 7(!

5551 ,11

• 711_1() 12()

. _|+_2 ll;[l

• _,K_-9 5()I)
.95&_ 2111

• t11211 2_.0

• tll_9( _ 3LX )

• b731 3;1_

, !llh;2 11ll)

,91111 :I12

• 1173_ 3t I

•!17112 3V,

• 931 ", 311

, 7511; 3111. 5

:'l/=l) O(ll)5

t l) )(HI,")"[[, (I,O(IIIC

<I,'_

4

5

+i

7

9

I0

11

12

13



A STUI)YOFTHEASYMMETRICTRANSONICFLOV¢PASTA SHARPLEAI)INGEDGE

TABLEI. TA1H'I,ATI()N()1"I)ATAI"I{()M])ENSIT()MI'iTI'H{Contimmd
(a').\rr:mgonu,ntA (_omdu(h,d

l?c,_ =2Jl-. (h. IXI( '_; r'c= I 54

3,I_ =0.707 31_ =0.737

11 <(h0(10),35 ) 11 <0 I)011,35
pt _(I (11)2 2 SI(I_S"t'II fi p_ -_(LIXI21 t_ S]II_"('U [I

/)' = 1 t.7S IIl,'sq inl /h= 11.7_ l 1)_"_(I inl

i I,'htw Iiehl How field
I

..... ;ii;i (P'"P ) 1 _o. (p,'pt) r _'
mea_ure_ ([e_ oa_t deL2

(L [1729 !1 ..... ;
0. q)7s7 9

.07M 10. 5 .0_64 II)..5

• 11_35 12 .0913 12.
• (Is7(I 13.5 .11 t7

4_

F . I)756 15 . 1(17)3 ,>
• 171_ 21)• 1,304 20

.1677 23 , 1 I

• 1909

• 2471

• ,3197

• 4O05

,4S96

• 562_

• 7Sl3

• _57 _,

• 931 t

! _h !}Sll0
a 9511S

,311

411
51F

I')11

711

121)

161)

LZl)l)

21H

32[

• 2127

• 2779

• 3,1_1

• 434o

• 5172

• 5_99

• 7_3(i

• iX) 11

.9211

:_ 942 _.

a 9t92

25

,3( }

40

51 )

6O

7O

k0

12()

160

Lh)(l

24(1

32(I

,,11=I),I)(X)5

NOTE: VlIlllPS ()f p llS('II above for A[:o --(1.7U7 arB I)ased Oli

)he "value of p a( _-2"-;0 °, l;'e_-I.9tXIIP i, tal)le l, I). 48, ;tll(l

lllO;l_tll'tqI VidlieS Of dPllSi_y dilT(!lt!llCe ht_lx,%Pell (ho dill't!)'('IlI

;III,KIllilF SetlillKs, _. VIIIII(-4 ofp 115(!41 ;[b()'_ (! ff)F _,_'a,-[I.7,37 ,tl'I'
])HS(ql 011 (](!l/Sily (][[_(q('lll'u IIIO,ISIIIOIIIPIIIS |)f'('_,(?l!ll lh(! dif-

fPI'Ptl[ 5I;iC]l IIIIIII|)UF 5('llilll2S :l_ (!tl('[l ;IIIK]P , _.

.'tl,_, =1 .7( 5._ 1. I i; r' '= 0q77 i

11_<[IA_DI)35 11 <llJII)025

p¢=0,(102135 shlitS('ll f_ p_=tl,O01lSl S]II_S,,('II I't i

p_=l t.73 ll),,"sq ilh 1),=7.490 lb,sq in. !

l:lo_ lleld Flow field

{p ,o_} mea_t_r ed

o. 1267

• 1669

• 1(;91

• 171k

• 1971
• 211_2

.3170

• 42(i0

• 5223

• 5995

• 75L,_)

• ",15(i

• _,992

• 922_

• !152_

• !11;2_

• 9_73

¢,
( ,ff

(p pt) measured

0.33&:; 7

• 19;_!) !)

,1291) 11

• (1_)32 13

• (r_7(i 17
• (1969 19

• 10,33 i 22
• 1{)31 "2,'_

• ,377)7 (;_l

deg.

l{I _ I JISX lid

/ / _1}•(_t111

p¢ II,IN)I152SIIII2_:ClII{

p:-7.1Di Ib/>q ill,

31}

,36

5O

71)

_0

!IH

105

12(l

l_il)

210

"2_,0

3L_)
,3311

,1 I7,,

• 17_,tl

• 2125

• 211u

• 2,305

.2.1,,5

• 331 !_

• 4(15!i

, I_(}7

.5626

• (1227

.7i)51

• _,ti 17

. !)2 |(I

• !)Oil

• _)717

• !)_,O3

25

33

35

,37

hi

(iO

7o

,.,( )

1/15

IL;_)

1611

21)11

210

2_,1)

W211

3,31 )

4 i)



5(} TECHNICAl, REP()IVI' R-(ii) -NATIONAL AERONAUT CS AND SPACE AI)MINISTRATI(}N

TABLE I. TAP, ITI,ATI(}N OF DATA ]+'ROM I)ENSIT(}METI,;It--Ct}nIitm{,d

(b) Arrangenlent ]/: Valu{,,,,; ol)l:l.in(_(t in ]}olaf coordii ales ((.tmrd f..5 in.) ('{mtinui,d

_-___ __

]¢e_e =2.7XI0';; :l./_ =0.7112 pt= 11,002.a,152 slugs/(ql ft; pt= 1q.93 lt}/sq in.

• 122'21 .371 Sl) , g3!i .1231 , N_,,I .11615 .851

• 13b,5 . ?IN7 ,111,51 .115_'i . 13N5 . g2(i ,117t_!1 . NSG

• I}:'IItN . 115;'I . t1(.12;_ . k25

1 <5 11 . g;'_ll • 111112 . Iil12_ 1!15 II , NSG ,11177 . Nltl

• I11177 .31_1 . (Ill15 ,111;0 .11154 . g73 . 123l . g(_,i

• 11151 , 2t14 . 117fi!t . I;I;g . I13118 . gGfi . l ;I,_5 . 7(`17
• ll;_llN .21111 ,11(.12'._ .1i75 .04G2 . NG4

• 0-tli2 .231; .11177 .1;75 .01115 , ,_,54 2811 , Nil

0615 .273 . 122tl .117,5 . II71;!1 . N41 1115,t #,7;_
• 07#211 .273 . 1 _t",."} . t173 .0(.t23 . Xlg 11311_, . _,*_5

• I1923 • 2 _'3 . 11177 . _13 04112 . _,_,_

• 11177 .299 1t111 , Nil .1231 . Sit(; 11#;15 . _,11

• 13N5 ,31 I; .11311N .733 0923 . _,22

• 1141'>2 .735 21NI (I • Nt24 1077 . sit

211 1t . SIi4 . t_l;I 5 .729 ,015t . _72 1231 . _l.I

• I)4)'/7 . t11.14 .07G9 ,72"L5 .11:_f)_, . NIl9 1;{_4,') . NI2

. Itl 51 . 163 .0(.!23 ,73N .1141;2 . _41;3

. It:{(I,_, .221il .11t77 .749 • 1tlil .5 . _.,"12 _110 . NIN

• Ib4122 .21_1 . 1231 .74", • (17G(.,_ . _15 01+'lJi . _@,1

• IIG1 _-_ , 2_,'I . 121811 . _4[} .11!12_{ . N;'_I", O;2hIN . N72

.117111.I ,?2tll . 11177 , N_'l!l 114112 ,N."l!}

• I 1!t2i{ , 21.112 1 2t I _, | N . 12211 . N;t;_ {11i I 5 , S ,'_2

.11177 .311 ,11151 7Y2 • 13S,5 . N;J,0 117ti!t . _,1!t

. 1231 ,31S . { 121(IN 7_,12 11!122"; . k22";

• 1:/'_5 .21.13 . Otfi2 7_,I 2111 0 , <'q;3 11177 , kl 7

• Illil fl 7N_, .01,5| . NI;9 12211 . M7
','I(.1 (I . ",G8 . 117G9 7N{) . t);]llN . h,"}9 J;IN5 f",t 2

• I1tl77 ,25(I . (1!1221 7S2 .114122 , S."}I;

• Ill ,51 . 251 . 11177 7_,7 . II111_';i N5 320 1} N;'_2

. tl311_* . 309 . 123L 71.12 . ll7q9 . _I'_ . [lID1 NT1

.111112 . ;t;'i,t_ , ] ?_N,5 7kt . I11.12_l . )"4_t . II:tlIN b.¢::j

• ill;1,5 . {'1o7 . 11177 • N4:l I11G2 I",G2

• 117t;!I . ?2ti9 I I0 _,;12 , 1231 . N3S Itf, l/'l _:12

it! 22/ ,371 .1115t _,2,k . 1;1_,5 , _2,5 1t7i2!1 . k;I,l

• 11177 . i'_7k . It:gtlN _1,5 I192:1 . N2.5

• 122t I • _tt _1t . I I I G2 S119 2211 ( I . <',122 11177 . _,?,1i

• 1:1_5 ._Ji27 . I)t11 :i Nt12 . Ill 54 . NI;_t 1231 . _,2:5

• I17ti{I _112/ . I12t11_ . _(t 18_'1 _.21t
Itl li . _>122 • 09271 Stl2 • II tl;2 , _l!i

• ill 51 . ?;45 • 11177 7!11.1 • 11t;15 . NSI 2t,t11 t1 N2t

• II;tl )_ . :(.7_', . 1231 gII3 .117119 . _I;(. . Ill 51 _G2
• Otl27 . tl)_i • 1;1_,') . _',tl;t • tl(.12:(. . k41 . {l:_llX NGI

• I11215 ,424 . 1ti77 , _II ,111172 '_ 12

• I}/I;!I , 127 11i1! • _2t , 1221.1 . <_21 ,11121 r NI'_N

• 119221 , 1;t3 . I)l 5 | . _'.2N . 121_5 . N24 . O7129 _23

• 11177 . 4;_5 .118t1_ . N_il . {F,122_-. _1 7

• 1231 .437 . I)-IG2 . g17 22t11 () ,_71t . 11177 *_l I

• 12IN,r} . ,I:t [ . I IGI ,el . _',1);J , II1 54 • NT.t . 1 2:11 N( L:'l

• 117t2!t , N11 . IliIIIN . S5(J . I ;tS,5 ,'_021
_di II , _,Y,(i .11!122t "q I;I , (14112 . Sill

• t_tl77 . 171 . 11177 797 . IIG15 . _59 3'17 {I NN7

• ill 54 . 14fi . 122'21 Nil . tl71;9 . _5.1 .11151 . ",!11

• 11;'_1}% . 412_-i . 121_:} NIl2 . (_l_:_ . NIN . [};_{l_ . _77

.1_-t1_2 .485 .11177 . _;'19 : . I1162 . _74

. Itl;I 5 .4(.t7 167 _'0',7 . 1231 . _27 , 1t61 ,_l , g4S
• 1171_9 . NiT .1115t _.45 • 1218,5 . _,12 . (t7(;9 X4I

• I1_122"I . HI8 . O;tIIN _44N .11923 , >41
• 11177 .511 . olt12 b4;il; 24t1 11 . _,-19 ,11177 . _-41

• 1231 . ,N)7 • (iii1,5 W,J;t .0154 . _72

• 13",5 . Nt5 ,07119 N33 , {);_IIN . NG2

• (_1_3/4 N'I3 . I1,IB2 . _,51i

O) _1 . <';49 • 1077 #,23 . DI;15 . g5l [

• 111D 1 .532 .122t I _2,_ .11769 . _54 [
• I};.111,',4 .541 ,121_,5 M/1 . I)(,t221 , F,3_



A STUI)YOFTHEASYMMETI{IC TRANSONIC FL()V) r PAST A SHAI{P LEAI)ING EI)GE 51

TABLI'; I. TABULATI()N ()F I)ATA I:'ROM DENSIT()MI,]TER C(mehl(h,d

(b) Arrang(,nwnl ])): Vahles ot)tailled in I)olar coordinates (chord--6.5 ill.) -(!omimu,(I

_, i r,':C ! p..Ipt

(leg

60 (I ' 0.9'3_i
.0077 .(io2

.IqSi I .532

• I13_1'_ ] .52u

. I14fi2 .52(I

• 07fi9 II . 5115

• 1077 [ . 505

. 12;11 i 497

.13_5 I .497

70 I) , _55

.0077 l _i _

• O154 .6311

,03DN I .571

• 0462 .579

.u(_151 .5,:_i
• 0769 I .51!_

(1_ ');_ . 5 3

] 1077 ,555

. 1231 I .51;_
" 13S5 I .537

S0 0 .92N

• 11c177 , (;,'_)i

111

15

2O

• 0154 , (;55

• II30N .630

• 0462 .62_

/¢e_=l.gXl()+_; 3t_=0.711; p_=0.l)()2127Mu_s/cu fl; p_=14.21 lb/s(lin. -- --- -

(|1,__' rl,'C p_pt dog's' r'¢¢ plllpt (h,_' flllC plllpt i; dl'g_' rlllC : plllp t dt,_2¢' rlllC plllp,

_) IL(}iil51 .• 1;2t 1to I 0 O. _73 i 167 (). 11)77 II n2!) I 2_1 I () () u2', 33) i) u ",73

.0711,) ! .flit •((151 .,M5 .1231 l . _'1 .Olh' ,.):)_ .u15t I _)_7
)!Y2;_ l ill () .031)_ . _2_ . 13_,5 . _,3,"1 .0151 .!161 l .()3n_ l .!)1(1

.11177 .597 .o.162 .802 : .030 _. .957 ] .(}41;2 .943

• 2_ 5N_ ! 111;15 791 I 240 0 .936 .(),11;2 .915 .I1615 .936
• 13_,5 .5B9 .1171;! .77X l ' 77 . ) h 5 _ 17 ! _3

+231 .7(;7 .015t [ .gN) .o769 .936 .o!123 .!_3s

1111t 0 ._,67 . 11177 i .761 . o311_ .9,_7 .0923 .U33 . 1(177 , !13'_

.(1154 .741 .123I .775 i 04(;2 .!177 .1077 .Y34 I .1231 .!_25

)_ 72_, _,'i 75 _ 0615 .9NI ,1231 , !12_ i

• t42 7, l .0769 .!i7(; .13_,5 l .943 34(I l} .911
• G 5 ! 711"_ (ill 11 .(`111 10!123 .!167 ! .11154
11769 ! , . 6!_2 .0151 i . (JON .1077 . !157 2_I 0 • _67 .0;',()n .977

.0923 .6_'_ .03((8 i ._,72 ! .1231 .964 .0154 (`)52 ,14,2 I ,,.
• I 77 . 7 4 2 ' S5 3,%5 154 t )S )4 ) t 5 52

• 1231 ; .65N . ()(il 5 . _4N . I1 |ti2 .92N .11769 l .94_

.13F,5 .6IN . 71 } _}5 I 2:_ _55 0615 i .945 .((!!23 .944
.0923 ._2N . (1077 .921 .D719 .914 .1177 ! ,!14

120 0 . NN4 . 1(177 . B(I8 . ((154 .939 . ()!123 .950 . 1231 • 91(1

• l)151 .71,),I .1231 I M 2 .11308 ,934 .1077 .955 !
[)30_ .77_ . 3_5 .8 2 4 2 _s 2_ 4 147 ) )25

.114 2 .7111 111;15 %1, I .11154 i . .

)1115 748 lfi7 I •!25 .117(i! .9,13 3 ) ._,_,4 .13)_ J

• .7(,, I .73_i . O154 . !)i)O .0!123 .92L I . ()_ ,%_ . _57 . O4(;2 . mu
• 0923 .724 . ();_),% . ,%_,% .1077 .913 i . q)30_ . !25 .0615 . !ml

077 717 .0462 ! .Nli_, .1231 .916 : .04fi2 ,9311 .0769 .!!57

.1231 .7(lY .O(H5 ._112 . 13_,5 .19311 .0615 .!134 ,0923 .!!41

• 13S5 . ;sS 7 _) i . s5n . I17111,I .!152 . I()77 . !i34

l .(.123! s_5 I I (+2_ ..4.
i I 11177 ! 3!

i ! .123_ i ._)m)

3O

ffe _ = 1. t Xl(}_i; 3I _ =0.717; o_=O.O015;32 S[II_SllI('II fl ; /)_ = 10.(11) lt),,'sq ill.

II

• 0154

• 03(IN

. I1462

• I)tll 5

• I)7)i9

• I1923

• 1077

• 1231

• 13._5

0

• I)077

I11,'14

. I)3(1;", !

• 0 t62
.(Pil5

. I1769

. o!r23

• lO77

• 1231

• 13x5

I 0

.0154

.03()_

• q) II;2

. ()1115 l

.071i9 l

.01123

.1231
• 1(177

.13_5

0

• OO77

. l)154

.3._ 1• IF1ti2

. II(il 5 I• I)71i9

. {l!123 [. I077

• 123l

• I :$_5

• (,)29

. n77

. 141

, 2211

• 25!1

.3115

.310

.931

• 17_

• O73

• 14t
17_

221;

24_

25(,I

259

272

2_3

929

139

139

"2:3

256
2(;3

26!)

273

277

937

311

242

• 2t7

• 255)

• 30(I

• 323

• 3')q

,325
332

6O

I)

.0077 1

.0154

• 031)_

• (I 1(;5

.(1615

• 076!)

• 0_)23

.1077

•12;tl

• 1395

0

.(1154

.031)_

• 0 t62

• 0615

.071;_l

• 0!123

• IU77

• 1231

• 13_5

0

.0154

. O3O,',., ;

• [) 1G2

,0615

• (171;!I

.0!123 i

• 1077

• 1231

• 13_,5

0

.015t

• {13(}N

, 0 t62

.0615
• I)76!I

• 0!123
. 1077

• 1231

. 13_-5

• 9N)

• 12(i

• 355

• 3 :R)

• 355

.373

.393

. ,10_

• 396

• 396

• 4{13

• 926

• 161

• 42(;

• 439

• 439

• 15t

• _1

,474

.472

• 479

• !121`)
. ;')2(,)

• 4911

• :X)I

, :X)_

.52!)

,534

• 534

•512

• 535

,971

• (;(i( l

• ilL5

. (;l!l

i (iTl

. 713

. (17S

. (;GII

.6fi7

100 (I

.0154

.0311_

• 0462

.0615

• 0769

• O923

• 11}77
. 1231

• 13",5

12q 11

• I)l 5t

• 03()_

• I14112

• I)tll 5

• 1}7ti!l

• 0i)23

• 11)77

• 12'31

. 13_5

1,111 0

. I)154

. I)'30N

. (14_;2

• I1615

.0923

• 1077

• 12;'11

• 13N5

160 0

.o154

• ((3(1_

• illfi2

.0615

.1171;!)

• O923

• I077

• 1231

13_5

I

_(`)xi 19(i
• 74_

• 712

• 73,1

• 734

• 734 1
• 733

• 729
• 74_

• 7,54

. (,)11 195

•_21i

.`%15

• 79N

• 7!X)

• 7_4

.7_,4

.7_(i

• 7_(;

.Nll

925 20(1

. _78 i
• _75

. _50

. _33

• _22

.N15

._ll

• _2!t

• _,51

• !I,19 211)

• _,,X9

• Ns3

• 854

• 834

• 826

, S25

• _34

• 85(,!

,i I .929 22(1 0

.015,t

• I)30N

• O462

.0fi15 1

• 0711!) [

. o!123
• I()77

• 1231

• 13",5

_)
.()15.1

• ()30_,

.0152 '

.0615

• 0760

• 0923

• 1077

• 1231
• 13_,5 i

•0154

.()N)_,

,(1_(i2

• ()fil 5

• 0761,I

.0923

• 11177

• 1231

• 13X5

0

.11154

.031)_,
• (1162

• 0615

• 071;9

.111`12;)

• 1077

• 1231

• I 3_5

.933 .(1151
• !)17 •(I31)S

• (`)()_ . ((462

• !)(13 . tl615

• _79 .076_,)

• N(il .11923

. NSI .1077

• Nlil; .1231

• !_ 13 .1395

• !131 230 0

,937 . (115,1

• 921 " (13l)_

• !)IN . 041_2

• iX)7 . O(H 5

• _11 , 07(;9

, N_) .0923
. _.-") .1c)77

. NI_ . 1231

• 907 .13_5

• 92!) 2 t0 /1

• !)22 .015-t

• 921 ,0311_

• 912 ,04(;2

• 907 . I)(i1,5

• N_(,1 .11759

• hTg .1}923

• 87l .1077

• _(16 .1231

• 903 .13_5

• 937 260 11

• (,117 .0151

• !133 .1130_
• 91_ .0462

• !)14 .0(il5

.911 . ()7_;!)

• 91111
._2 i .() r23, .1077
• bi_(i .1231

• (`)33 .13'.,5

. !1511

.961

• !164

• !),17

.94 |

. !131

.914

• 922

• !157

• !121;

• !15_

.954

• 950

• 954
. !+47

. ,0,_) [

• !)22 ;

• 912

• 997

• (`_(`(

.9,t7

.9,t I

• 94()

.942

• (`)35

.922

• 922
. (,1211

. !)(il

, !)N2

.96,_

. (,151_

• !15_

.91;7

2N(I

300

I)

.((154

• ((30_

• ((-tl;2

.0;[5

. (}7fi9

• ((!(23

.1077

• 1231

• 13N5

()

.0151

• ();10N

• 11,t62

.011N5
• (1769

• 0923

• 1(177

• 1231

• 1365

0

•t)154

.0311S

• 0462

.(1615

• O7(')9

• ((!123

• I077

• 1231

• 13',5

0

.0151

.I)30_

• 0 t(;2

• (1615

• o 7(i!)

• O923

.1077

123t

•13_5

i
!

_ !

N!+_

• !;(i_

• 9fi5

,957

,949

,9t7

• 117

• !Q4

.917

!)[17

.911

.9",9

• 979

• !)_2
• !+79

• t_74

• !156

!)."17

9f,5

• !)n2

• 925

• 9_2

l.()l)(l

• !)N2

• 95S

• 964

• 951

• 965

• 919

• 9`%6

• !)M

• 9`%1

• 91i_

• (,)65

.992
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T.\BLE I. TAP, ULATION O17 I)ATA FII()M )I'2NSIT()MI'iTEII Conlinued

(t)) .\rrazl_enle]lt 13: \':dues t)l}tained in 1}ohu"e(u)rdi mh,s (('hor1176.5 in.) (_()ntilm(_(t

¢, del_ i rc

-- 1 i). 111177

.11154

•11231

• 0_:11lN

• O462

. l))i]5

• 0769

• 11923

| . IR 1512

• ((111N

• 0154

• 11311N

.tl462

.11111`5

• tl7611

, tl9'13

/,'t ,_ =2.0X10'_; ._,lm =0.737; p.,=l).itq)2126 shlk's,,"I'l ft; lh = 11.22 IJl,"sq in.

((

• tvo3_

• {X177

•/_t92

.t1115

• 11154

• 0231

• 0311S

• 114(12
.0615

1171;9

0923

11177

1231

13,u,5

(Xff7

IH15 .1_6

0154 .17ti

O#l _, Ileg r('

,),.,, 4 . 1.=. 111
:1_6 !i .123n 441

• 195 I .13_5 44_

,2_13 [

, "226 , l 5 .0115 I _(i

.2":', ] .013", 176

.3211 _ .11154 1711

.332 .(1192 171;

• 1077 .844 ,0231 171;

• 123l • 3711 . (1311N 21'-,

. 13N5 .311._ . (ill{2 , 2t!1
.0615 .2!12

• I1077 21N .0769 ,353

• I)11112 17fi .07fi9 .3511

• I1123 161 . I1923 .3_

• 0154 161 .1077 .415

• I11112 171i ,1231 , .1,55

• 0231 176 .13S5 .452

.0311_ .1711

• 0462 ,218 6 . I10!12 .2'21i

• 11615 91i3 . HI()N . I115
• 0!123 .344 .013_ , 175

• 11177 .369 .111.54 .17.5

• 1231 .39S .t1192 .175
• 13_5 .41t4 .11231 .195

• 0269 • 21N

• 1N('_ . I):_11_ • 226

:L,VI' •23.• 0462 .2,5t

.2_N .111;1,5 .2N9
• 195 .0769 .346

• I h6 .11!123 .391

,176 .1077 .417

• 176 .1231 .458,

• 226 .13_5 .452

,21174 .14_15 .432
• 336

.3,511 7 .( 1(192 •2511

.3NI .1)1118 .2C'l 1

.419 .0123 .195

.434 .013_ .186

.01,54 , . lg)i

• 19,5 .0192 . D',(i

• I1231 .2113

•(12fi9 i .226
• ()311,_ . 162 ,030,_

• 11462 .226 .03_5

• 0615 .2_4 .0462

• 076!) .339 .053_

• I11123 .3(;3 .111115

• 11177 .3SS .0769

• 1231 .430 .0923
1385 • t43 • 1077

• 1231

.01177 .241 .13N5

• 1111!12 . 2)2

. (l t0,_ .176 8 ,1X192

• 11154 .146 . H Illl)

.11311,_ . 171; .010N

• 1)41;2 ,232 . Ill 23

.1161,5 '-'q',' ,1115,t

•1.77 .:,7; (12111
• 1231 444 ,0311,'4

.04fi2

21I . I)ti15

1711 ,11769

141; , I){123

1_6 .1077

232 .12111

2S4 • 13_5
3.511

3N2

• 232

• 244

• 254

• 26_

• 2K4

• 32_

• 3N4

• 4111
• 453

• 459

27_

2,54

2.t I

232

2211

218

2IS

238

254

272

• 3011

,332

• 3!1N

.4311

• 16[

I

i0 0
• [)I 54

.03(1_

.(14t;2

i •111115
• 117111t

.0!123

.11177

.1231

21t It
,11154

.1130_

,I141i2

.1161,5

411

5(I

70

o/p*

O. !_IiI

.232

• 2O4

• 24!)

.2_.I

• 332

.4111

• 417

• l_,fi

• 21;_

• 2h4
• 21`111

• l)71i,q .11113

• 05)23 .312

• I(177 . ;12(I

• 1231 .32_

• 9,56(l

• 0n77 .211!

.011`5 .2_.2

• 11154 • _111

.0311_ .34,5

• 114112 3,5_
•{)615 3i19

• O769 375

.11!12171 3_1

. I077 3_,3

• 1231 3_

1/

.(X177 3_i

.11154 3_1

• ()3(IF; 4(X1

, O462 4O9
.0HI5 4151

• 1171111 42;:1

.111123 426

• 11177 432

• 1231 444

(I !159

• t1154 .4,_11

.030S .4_7

• 114112 . ,t_,

• 0615 .496

•11769 ,48!1

• 0923 ,4S9

• 1(177 . ,rdlO

• 123]. , `515

0 . !)I_
.0154 .559

• 03O8 . `541

• I)462 .537

.(1615 .537

.117119 , `532

.0923 ..53 i• 1077 .5 ;

• 1231 , `55O

0 . _(;5

• (11 `54 .6-12

.030N .614

• I14fi2 . GIR)

• I1615 . `5!111

• 11769 .5!((;

• I)(,123 .593

.11177 .5114

• 1154 .`5114

• 1231 .5!16

,,_, (](,ff r ' p,'pt

_0 0 0. F,95,o:54 .7111
• 0 _11_ .672

,(IHi2 . li(il

.0;15 .(i52

,0769 .6`52

• 0_23 64,5

.1.77 (_;1

. 1 '31 667

!111 11 _94

. u 51 757

• II I)N 723

• 11 62 7tl4

.l}, 1`5 710

.(I 6(,) t1!tl

• I)' 23 6!13

• 1,77 699
• P31 711'_

I110 0 . !12`5
.11 `54 .79fi

. O;iC)_, .757

• tl4112 .736

.061`5 •729

.0_G{} .7111

. (1!,2"71 .710

. 1t77 .72;:1

.1:31 ,732

1 ',.._) o .916
• l) 54 , _45

• O; (l_i , _20

• 1}, 62 .799

• 01 15 .7_11

.0_ 69 .7115

• ()_'23 .74{)

• I I 77 .749

• I,31 ,754

1411 11 .920

• (1" `54 . _(iS

• O; <)_ . _.4`5

• (l, B2 . _,'22

• (. 15 .7!(11

• 11; I;9 .78{1

,01 23 .792

.11 77 ,7{)2

.1211 .79ti

1 li(} 11 ,92fi

. O I ;4 . _7

, I)_ 12 . _39

.Ill lfi ._22

.q); 1!1 ._1`5

• I){ _3 . _211

.812

lfi7 0 , !1211
• 01 34 . K!}2

• 04 12 . _4(i

• o( 15 , _2N

• tl; ;9 . Y,'2"2

.tl! -}3 ))• _22

• I( 77 . W22

• 12 I1 , _22

I{XI 0 . !ll;l

.0154 .!if0

• 0_. 1_ . _!x)

g,, d('ll

I_F In(i: I

r'C P'IPt _v _ ' r"(" i p,"pt

1!111 It• 11,II12 {l. _71; 21X) 1) 11. _)115

, I)61 `5 . N72 ,0154 . {14171

076!( • s72 . [);_1_ . !t23

• 0923 . h72 .0462 • 91_

. !r23

• 1231 . _711 .925

•923

• !116

.061 `5

.07119

• 0923

• 1077

.1231

_lt II

• 11154

.()311_

• 114112

• 0615

.t1769

.1}923

• 1077

• 1231

2t0 0

• IH54

.II3DS

.114i12

• 0(_15

.117111t

• 0923

• 11177

i! .1231
• 13K5

I 2511 11

.01`5t

,1}30_

.0462

.0ii15

.(}769

• 11923

• 1077

• 1231

• 13_5

,1077 . h72

,13_5 , _71a

2o11 (l . Y-lg

.01177 .!12`5
,_ .0154 .!1117

' .1141;2 . _,71;

, 111113 . _t;N

• 07119 . g)i2

• 0923 _(12
• 11177 _,t_2

• 1231 . _,66

• 13_,5 , _,5,5

2111 .956

111177 .93!I

01`54 .922

11311_ ,9O2

114fi2 , 111)0

I)111,5 . _!}(i

l)7(;!l • 8_{)

D923 , S_

1(}77 , SKI

2'211 0

. OO77
• 01`54

• ()311_ . {)_9

• (94112 • {)112

.9_5

• {)_2

.975

• {)72

{)73

!)5!)

965

93_,

941)

9,111

9,13

• 11'2I
( ), ,121

• 925

, !)l_

,94B

• 910

. {X)'4

• !X 12

• {_)4

.91 t

• !X)I

• 9o4

• 9O7

• _1i`5
• (,);:1{!

• 914

• 912

• 911

• 911

. {X)_

•$_}_

. !$11_,

• 0615

• 071i9

• U923

• 1077

.1231 .1114

• 13S3 ,914

2711 0 . N)4

.015,1 . !)5`5

• 030_ .934
• 0t62 .9311

, O(ila . (,)_)

.0769 . Y22

.1)923 .91 l(

• I077 • ,{}23

12,711 .931

2_1} 0 .925

.(115,1 ,11111

. (13()_ . {):};:1

,0462 .92_

.I1615 .919

• (}7qi _) , {131

• (}923 ,92_
. I077 .92_)

.12;tl .92X)

• 13_`5 ,921}

300 I) . !1111

,111`54 .�N(

,11311_ • 944

• I1462 . !13ti

. ()ill 5 !133

• 117t1!t • !)27

. I}!12;:1 . {)27

• 1077 . {112

• 1231 . _X)7

3k_I 0 ,11211

.015-I .9_7

• ()3H_ . $t5(}

• 04112 .931

,061`5 .{.t21

.0711!( .!1111

. I1923 . !}1(i

.1077 .9q17

• 1231 . h97

• 13_5 . _7

:71,111 I) . !)2fi

.01`54 . (`}_7

, q)311S . {)52

• 114t12 . !132
. O(il;') .915

• (171111 .9011

• 0923 _k92

• 11177 iSSl

• 1231 ,811,5

3t7 (I , (`1211

.0154 .{)_4

.0311_ ,!)4,1

.0462 . {)22

.11111,5 . {}()N

• 07q;(`} . hgh

• 11!t2;:1 . _,h4

• 1077 [ . F,5_
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TAI3LE I. -TABUIATI()X ()F DATA F1U)M 1)EXSITOMETF]I{--Col,timled

(I)) Arrangem(,111 ]3: Vahlcs obtained in l)ohu' coordinates (chord=l).5 in.)--('ontinued

/?e_ = 1.gx1Ht,; ]i/_ =H.6_I; pt={1t102123 Mug._,,"clt ft; 111=14.21 lh,,,'sq in.

I
_,(Io111 r,c p/pt {_ { (g r,'c

' I___ _ i £ _

12

14

16

2(}

I

0 11

. IIGt:"_

• 1t71i!1

•11973
• 1il77

• 1231

• 13'_.",

'2 t)

• $)15.t

• 11311_

• 0462

• 11615

• 11769

.0923

• 10T7

4 It

.11154

•031)8

• 0462

,0615

• 1176(`}

• 0923

• 1077
• 1231

• 13'45

I-, 0

• 015t

•/130<_

• 0462

• 0615

• O769

• 111,123

• 1077

• 123l

.13_5

• 0154

• O3O"4

.0462

• 0615

• 0769

• 01123

• 11i77

1231

• 13X5

0

• 0154

. (13lib

• 04fi2
• 0615

• 07651

• 0923

• 11177

1231

• 13x5

(I

.0154

• 030_

• 04t12

• l}til 5

• 1t7ti9

• I1923

• 11177

• 1231

• 13_,5

114 II
• 015t

• 1t311S

.()4112

. I1615

. O769

• 11923

• 1077

• 1231

• 1;,;_5

II

• 0154

• I13/)b4

.041i2

.0615

[i. {171 211 t1• 11769
• <t13 • o923

• 411 • 11177

.41'_ .1231

• 43O

• 4311 22 II

.4 t4 .0o77

.(1154

• 954 .030<_

• 405 .04(i2

• 393 • (1615

• 4112 • 1t7t111

• 411) • 11923

• 417 . I077

•4311 .1231

• tt2 .13_5

i 't') , l)

• 395 . 0077

• 399 .0154

• 415 • 03118

• 422 .0462
• 42_ .0615

• 442 .0711!t

" I '51 ) ' 0923
• 4E$ .11i77

• 455 .1231

• 13X5

• 358 26
• 405 0, 0077

• 415 ,0154

• 4211 . I)31)H

• 426 .0462

• 43t} .0615

• 434 ,0769

• 4411 .0923

• 446 .11177
• 1231

• 405

.416 28 0
• 4'2'2 . it077

• 431 .0154

• 432 .11;1118

• 43_ .114112

• 444 . Ofil5

• 44S . (17f_9

• 452 ,0U23

• 1077

• 5142 .1231

• 41ti . 13S5
.41N

.426 3[) II
43S .11151

• 442 ,11311k

• 446 .04t12

• 452 , {1#il,5

•41il .117t14t

• 4(1!i .11923

• 1{177

• 93S . ] 23 I

• 427 .13_,'>

42_

436 32 I1

442 .0154

4511 .0'30X

• ,161 .0462

• 47l . IHil5
• 4S5 .11769

• 5/HI .11923

• (,i24 .1077

• 3X5 .1231

• 433 . 13_5

• 446

• 452 36 0

• 461 ,11154

• 4',1 . ll30_

• 496 .11162

• ,14 . I)#i15

• 541 .07fi9

• 11923

• 11311 , 11177

• 438 . 123 I

• 434 . 13_5

• 442

• 457 4O 0
.0154

• 03{i8

I
pllpl _, deg I r/c

11. 475 111 (1.0462

I I'_ III "0615

, •525 . (171_{}

.545 .0923

• Iti77

• 9",b .12:31

• 57(I .13X5

• 462

• 459 45 0

• ,t73 • O1177

• 49_ .11151

. 523 . (131_

, 552 .111t)2

.573 ,0615

. 57S 10769

• 59,t .1}923

• 1077

• 962 ,12111

• if21 ,1385
• 4fi2

452 50 0
4!tl . I)154

512 .0'311_

545 .1/462

564 . I1#il 5

573 .1t7119

5'41 .0923

,577 .1077

1231

4154 • 1385

(ill

4t14t 61) ()

• 4t1!t .1)154

• 507 ,0308

• 543 .0462
• .5111 • 111i15

• 573 .1171i9

• 577 . ll923

. ,'>S2 .1077

.594 .1231

• 1385

•952

• 615 75 0

• 4x7 .11154

• 497 , O3O8

• 537 .0462

• 5111 • 0615

• ;',74 • 1t7t1!1

• 578 .092:t

• 5_4 .1077

• 592 .123l
• 1'3S5• 594

• !158 !1(} I1

• 4_,_ .015-t
• 5'123 .()308

• Dill . (14112

• 572 .01115

• 5,'44 .1176(`I

•588 .0(`i23

• 55111 .1077

• 593 .1231

• li( )ll
IH5 (I

i _}SL . 1}151
l 4_it " {)3( 9_

• 512 . I)462

,579 ,0615

.5_ ,0769

i 5{I 5 " ( }{_2;_

i #fill .1077

• (itl(I .1231

I 603 .13_5

• 111,$

120 0

• {I,53 . 0154

• 525 .03H8

• 51;5 . 11462

• 5K2 . I)fil5

• 5Nil • 11769
• 593 .0923

. *i_ .1077

• 601 .1231

• fi115 .1'3M5

• {i118

135 I)

.1141 .0154

• 574 .030_

• 5_6 . (141;2

p/Jot

O. 593

• 601

• 605

• 615

• (113

• 617

• 615}

•930

.611

• 5Y,_

• 5517

• ('X)l

• 606

.611

• 613

.611

• 614
• 633

• 915

• 6119

, {i13

i 615

• 61 !1

• 622

• t12l

• 622

• 627

• (133

• !tlt3

i 115;{

• 643
• 650

• 6311

• 655

• 652

• 651

• 63tl

• 6¢i4

. (`1111

• 721

.712

.712

• 711_

•715

; _, (lO_ r/c

135 0.(11115

.11711!I

• 0923

• 1H77

• 1231

15l} 0

.lil5-I

• 0308

.(1462

.0615

• 0769

• ( 1923

• 1077

• 1231

l }_,,5 0
• 0154

• t}308

• 0462

• 06l 5

• O769

• (1923

• 11177

1NII I)

[)15.1

1t12111<_

11462
11#i15

11769
0923

• 1077
, 121#1

• 1385

1!12 0

• 11154

• 1131i_

• 114412

• t161.5

• 07ii(`t

• 0923

• lift7

• 1231

• 13_5

2X10 (1

. 7118 I 0154

• 7311 • il3118

• 721 . I1462
• 721 I [)til 5

.11711!}

• 92X i I )i12"4

• _{}{i " 1H77

• 741;¢ .1231

• 7x7 .1385

• 7x{i

,75}5 210 (i

• N}4 .11154

•Xl(} . tl;tl18

• 815 . I1162
• 11615

• 915 . O769

• x45 .0923

• X30 .1077

• x25 .1231

,821 . 1385

• 811_

• 81b, 220 0

• 835 . ill 54

• 827 .113lix

• 830 .0462
• llfil5

• 915 .11769

• 8._,I .0U23

• 8114 .11177

• _5_ .1231

• _47 ,13_5

• 847

• 847 230 l)

• 847 . OO77

.842 .iil54

• 842 .0308

• 0462

• 9311 .111115

•895 .071;9

• _ti .0923

• 8{_ .1077

pl/pl

O. _(_)

•x61

• S64

• _l;l

• 938

• 91}4

• 875

• 8{i6

•861
• 861

• _6(1

• 86t

• 872

• 922

• 9(il;

• 9(it)

• 874

• _,77

• _{ill

• 8t;1'_

i 836

• it7 l
• 9_:t

• 961_

• 943

• 931i

• 919

.911

• i_i 17

.9ltli

• 8515

• (`}3N

• {}42

• (,}2X

• (,115

• 897

• 8h7

• 8_-t
i 8{7_

• 85_

• _t14

• 93O

• 113i;

• 4t28

•,{HI

• 9(t0

• S6,%

. _74

• 855
• _,5#i

• _53

• $i5S

• $152

• 939

• (`}2I

1t28

• N91,t

. N7_
81i8

87_

• 91l

• 971

• (`}34

• 924

• 9(}4

• 91) l

• _+7x

• _72

• _62

• xt;2

• 915

• (`16_
• !152

• 11411

• 907

• 893

• 8_,1

• 880

,,e (1{!_ r/c

-- i I

23O O. 123I

• 1385

2411 11

(11)77

015t

()3(IS

0462
0615

Ifffii}

0923

11177

1231

• 13S5

255 1}

.01177

• 0154

i();]()_

• ()41;2

.01il5

• 11769

• 0923

• 1077

• 1231
• 13_5

27O 0

.11154

• 113118

• t)462

• I}615

•/1769

• 0923

• 1077

• 12111

• 13_5

2X5 (}
• 0154

• I13118

,04B2

• 0615

•1171111

• 11923

• 1077

• 1231

• 1385

31111 (I

• 0154

• 0311_
• O462

•{)(115

• (17ti9

• (}$t21t

• 11177

• 1231

• 13_5

315 {l

.0154
• I131}8

i I1462

.0615

• 0769

• (}4}2;¢

• 11177

• 1231

• 1385

3311 0

• 0154

• 030h

• O462

• 0615

• {17ti!1
• 415121/

• 11177

•12111

• 13_:',

345 0

• I1154

• 113O8

• I141i2

• 0615

. I1711!t

• 1t5123

• 1077

• 1231

• 13_5

p'p_

II. 8fi7

• _7/}

• 9tl3

• 961

• 4t551

• 94G
• !P2t;

• 913

• ",!17

• _Nt;

• S'44

• sx11

•!}01

• !I_5

• !}bq)

• !159

• $}41

• (`}24

• (`_ff
• 901

• 897

i_85

• ,_93

• 4128

•91,t5

• (,}_l

• 977

• 971)

• 960

• 965

• (`115

• (,}87

• (`168

• 958

• 9115

• 956

• (`151t

• 94fi

• 9411

•915

• 994

• 9X9

• (,t811

• 9711

• 969

• 911ti

• 967

• (`}71

• !t30

• (`18_

• (,t7,",

• $177

• (`}72

• 977

• 9rio

• 95S

• 954

• 93";

• !19 L

• 983

• 4t"4.t
• 9S4

• 975

• 962

• 95_

• U31

• 922

• (`}!t;'1

• (`18!1

• (`}_N

• (`}_7

• 97'2

• 962

• 9t12

.962
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TAI_, 1,1'] I. TABULATION {)F I)ATA I:I{OM l ENSIT()MI£TI,;I{ C(m(i(,}m(l

(c) Arrang(,nmtlt B: Vaht{'s obtaiu.d ill Carl(,_iat {'(x}rdimtlv,.s.' 'chord:6.5 in.)

I I

I x --_1
I Iz
I I

I?e,_=2.TXI(V; ,_/w=0,711; pt=11.()02952 shies/vii 1; pr=19.93 lh)'s{1 Ill.
I

2,'e ._'c ] " | "_ [ "(.

I IHH12 _S I

i .ODI4 .I)016_ ]

: .(HH5 I .00175 [I

.11111 _ ,00190

.111154

+IH}I_2

,111177

.11115

.li15-I

.6022

• IIIII11,i

I)lll [

II(ll ;'1

.111117

, I)(12_D

. ()()'12

, I14126

I)(I_N

, It(l(ttl

• OIIIIN

OO11!1

111112

III)I 4

111117

01)1,_

OI/L_l

111122

.111123

• 111126

.O1132

,I!t1111,1

.(IOll

.t11117

.111121)
I)112_1

11112Y)

1t1121_

• 11tt21t

I11!_11

• I11134

,11113N

,0111P,i

. Ill )ll(}

• 111)1 l

• I)1)12

.UI11 1

.UI115

.llllI 7

.111120

. {I11L_2

.111125

( 11129

111131

, I t11;_2

• I111;/4

• 1111_7

• 111142

1/11t)11

.I)1111

. Illll 7

.O1122

• 111t2;'1

• 11t1211

. ()o-_)

• t)fl8+-)

.01}84

0_137

• 1t1121 $

. qll07U l

. ( I1111,"173 .1)1 !t2

. III I157;t

. {I)illGti(t

.(lill)_211

. (li 1)(_;_Y

. (IIH l I

.11111511

( I11_1)_`1

111107811

I )(;I ffr_Tz
I1111),S_'L(I

• I)!!tI,S21
• I111t)4(JF)

• IR 11)._47

1111411_1111

• 1tt111_111

. I111t17!)!

,[ILION |'(`1

I)(l!ll_

111112;`1 . I12;'11
I111'-111

+I)li(It_ l;{

. III11) f_47

• t!itl)+'121

• t [111)+-_ [

. II{tl),-+XI l

.1!1111521

• II(fl L-_| 7

.1111117;21

. (H}H_52

. II11123
,(fOld4)

011223

, I)o068 [

• I)110591

. ()_)06()0

. OI1(155G

• I11X15;_!1

• 111111`5_'19 . 11311_

• UII()F_I4

. U(1115414

.11HI1539

<I1}1)112G

. (_o11704

, ()111177;'1
.00113

• 00235

. Ill 111,51_

• Ill 1t147N

I)t)1!51 ','1

. O011521

• I11)l IY_`1!)

. I11111`5_19

• 111111fi21

.1111115_'1,tl

. ( 14)l)fiN2

.01¥111_ 10

2,,'¢

I.), 11t18_

• H()40

,01)42

I1043

• ll)4t;

. I111¸tI

.1!1151

• 111152

. t11154

.01111_

,0012

,(_()14

•1)(115

0017

I)<125
, I)l)21i

• 11(12_s

1102!1

.111131

.0034

.1t035

• 1tl137

.0113_;

I11145

III)|ti

. I111lip

, OlhS1

• ()( I)K

t11)11

,0012
OUI,I

,I)111,5

,1111211

• I11122

.I11125

, I)(!2!I

, _)U31

• I)(132

• I)( 137

,11(13_

• 1111411

,0042

• I11145

.01)4tl

• 111141,}

• I IILSI

.0032

• Ill Rig

• I)( 1011

Hill I

,I14112

.1)<)l,q

. I11)1_,

. D021)

. _)O23

.1102`5

• t)l )26

t)1)2g

• tll)Sl

.411182

.t1118 t

. (10:¢5

.(11)411

,00-12

. o043
,004`5

1104t;

• 0(148

• I111,51

! l / I '.,

O. 01_()621i
I111(1721

• 11011747

.110(1_26

.00I ill

• (101,t7

, II()172

.0111! (l

.1111213

• ( 1111)_( )4

,001)51 ;`1

O1]11t7_

• 1t111)41_O

• 111)O41iO

. I10U,521

• I )11()581,)

0(i0547
, I)Ot!5!H

, (}(]01_{1_

• {llllll](J_

• (}(}(IG_(_

• 1t0(11L52

,1t011713

• (/()t 33

,011151

Itl117_,

• riD1 _,8

. ( H}2111(1

.0{_O704

• ()IIHI_:()

• ( )(;_)547

, OC(ff147

• OOO,589

• 011041_5
, I)(lO+l(iO

, O00530
. ()00117_

• I )(I()(;F)G

. I)()(1613

• 011(167_

,1111(17!11

• (11)(1_7_

,00102

. ()0122

.111114_

• ()0l lit

• ((Ill k5

.00197

.011207

O11111;_',(_
, (}(;(}BI 7

. llll06()(l

• 0(10`565

• O0(},M 7

• 11(1115,51_

. I}0115_2

, I)O01_}N

• (}(}Ol_(1,_

• ()0111_1_11

• I)00li71.i

. t)I)07Yl

• ()I)()_211

• U(I()((( 8

.11(11)N_18

.011131

• 00110

.0011i3

.<)0169

.00162

. O(H (')It

.011171_

0,,'e

. ()3K`5

. O423

• 041i2

2/¢

II O052

. U1}54

• O1155

, O(]l)_i

,001}(!

0{)14

(}OI 7

, I}Ol B

,11(122

• I)112;t

,1}(_2`5

• (1(12_

. ()(};_ 1

. _}1132

• (II}SN

. (11}42

.11043

• ()(}4G

. (_O4N

.004,9

. O(}51

OCII_,

.1}1111_1

, I)U] ]

.111112

._)(114

.D017

,11022

• (11123

, O1125

• 01126

, {}1)2_

. l]l)',_l

• (11184

• 41113_

• (11140

• {lO(),_

.(IUI)9

.O{}ll

.0015

,0017

.(}(11_

0112"(!

• 111123

. I1(12t_

,111131

•01t;`12

• (H)()(i

• (}1)11

• I!1114

• UI)I ;'_

.lll)l N
• U{};'_I

• 411t31

• 1111:_7

.111)_11

.O04B

.O054

• OO77

.0092

.01111}

.O](IN

.q)t 1`5

.11123

• 11128

.11131

• [1138

• t)146

• Ill ,54

• 111,5.t

• 1111i2

(},IIOIKI

• 110192

j .00191

• (_)()K%I_

• 111)()7t15

• 11()1)fiI 7

• O(111591
• O01)`591

, O0111161j

• O(ll}(16(,(

, q)(11}684

• 11(11167_

, DCH_I]O

.0(109311

.o01117

. o0115

. I1111;`1!(

• (}HI 1;`1

• 111}1`54

.()IHG`5

.1111172

.11111711

• ( 11_1)7`511

• O(}117511

,OOO713

• I)41()GTP,

,1111(11;7_
. [100721

• 1}00_,43

• ( ll)IIY2I

• (1041!!56

. (ll)(l{dl_5

• oq)o_i9 I

.01)11 `5

,t}l)146

• 00175

• I)019(I

• 01)09()-1

• ( 1[I()_{i13

• O{11)_0_

• ( 1(11)_34

,0{111_4;'1

(po113

.1}(112`5

. ()(llq;3

,110172

, If( 12!14

• I1113117

• ()02_7

• ()1)_41,11

• { }l ):}l It,}

• {1114011

• [111[117

• t)0421

.11114251

.I)(1429

.OO457

•()(1513

.OO54!1

.005_.4

.011`571.(

• I)(1621
. I)111_)7

• It( IGI_7

.111171111

• 1111707

, I)( )ill 4

. I11174:1

. I)07`57

• 110_21

+ I,/¢ 7_"_

.(l(}()_i

. (I(II)G

• ()(tl)_

+O(H)(_

• O1111

.0()12

. (}(11,5

• I)(11

• 11022

• 0()2B

• ()025

. (}(12_
• 0034

• (11187

• 11040

• q)(}40

.004;)

.OO41_

.(bO49

• 0054

• O0(12

• (11169

• 01177

, I)(IN5

• (}11!12

, ItI()O

. It10_

.0]15

• ()12:`1

.(ll31

•1118'+

.I11,t6

.11154

,O16!I

.O177
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• (1114}565

. ()1)1)11;_0

. I)1)11)159

• 114){)ti(_(;

• I)1){)t_95

• ()1_)7(`)7

• (t(){ (!)7 !

. (){11(lY

.(_1112

, (_)112

.0(1113

• (){)119

. I)1)1)2_2

+tlt)1t195

• (1(14)1tifi

• (((_)137
• ((114)13(I

.(1(tt(13(I

.11(14)123

• tR14}13(I

• 114)1)15!1

• 114)1)1t_i

• I)111)1!),5

• ';){){)239

• 01){)3(14

• I){){)39[

• 0(){15(14)

• (10t)521

. IRItl594

.00t(t14)_

. (){)q59 t

. o 154

.tl231

• 030S

.11116_

• 1111(i!I

• 111)72

• ()1171

• I)1t77
• (){)Ts

.()1)s2

• I){)N+_

,(){ION

.I){)1H)

.(,111

.t)11211

• (1(125

.(ItEII

.11032

.()1Ell

,(_)37

. ()1) to

.114112
• ODI5

.(II)4S

,OI)[!l

.()1)51

.(){)52

+1){)55

+DI157

• 1)1)1_1}

.I)0_;2

.IRI(_N

.I){17 t

. (){lTl

.t)tl77

.O1177

.oriel)

• (){1_3
.llO_tl

.41092

.1m)95

.1)119_

• 011)2

• ()l 14

• 11117

• III 211

• Itl 2_

.I_RIN

• I)(_1!I

.(_)l 4

.(_115

+1)1122

.11412N

.O031

.(){14ll

.114143

.((114G

,q1049

.t1055

.IR)5_

.(N)(i2

.tR)(;5

• (R)tiN

.(NtTI

• I)I)74

• O1177

.JR)30

,(14)39
• I)1)!12

• t){)95

.1){)9`4

.01t12

.1)1115
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.(){RIB

• ()(R)!_

.(){111

.1HII2
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.()1)2_

• i)1131

,()1)40

• 1)1)4)i
• I)1)52

.114)5`4
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• 000717

• t){){)74(;
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• OOO971
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, (1(111tll

• I)1111)1

.11(11(111

.()11(1152

. (I))1(1;'17
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.0()1)115
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• I)1){1137
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• 114){)l 52
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• ()1XII!L5

• ()(X)221

• I){){12!)7

• I){X1355
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• q)()11427
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• ( )11(1(_37
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• (1()1)702
• ()1)11739

• (((I(17`4!I

• 114)I)F,55

• 11411)`4t19

• 0111)`4+;!t

•OI X)KS.5

•1t111)`4!tl
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• 11111(17

• I){)133
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. I)1114!t
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.{IIXll 2:';
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• I)l X12_,17

• I)1X1311
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• I){XII()£
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,tX){)413

,IX){1427
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• t1111)471

• 11(1tl5117

• t14)11572
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• t14)11144
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• I){)(1224
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_ iIt'
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Z llll( 1 _ "lII I ",,
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• Oll_l . ()110304

• (X)`41; . (11141311
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. 011!15 . 1101)355

• 114193 . (141413+12

• 111141'4 . I)1){11,_2
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• I)1t2`4 , 111){112;';
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• 1)1)3,1 . I)(1( l 15'.>

• (1q)37 . I){1111:32
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• U()41) . O0017;';

• I){11_2 . 11((I)I Sl
• (X)t:'; . ( I()111`4_,
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• I){151 . 110112(i_

.01152 . I)1141275

• O(155 . t )11412(i`4
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• 01153 . (X)I)2Y,!I
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• 1X172 . {11)112N!1

• 01174 . Ol ){12`4_
•11117,5 • (11}{(2`42

• 11417`4 . I){XI3 t0

• ()11;`45 . I){){13N4

• 1141_(i . I){){I;';55

• I)I)3!I . 0(X1326

• (X)gl . I){){)333

• 011(,)4 , I){ ){13N4

• (14)(,)7 . I ){x )333

• (14)9`4 . _){ II);';2(i

• I)11141 , I){ ){1321_

• I)1()2 , I){){1341)

• I)10+; . ( ){ 1(1_(_2

• I)ION • ( )1((E';(i!)

• I)109 .01HI371i

• I)111 ,114)1)3,g4

• I)11 ;I . ()1)1)37)i
. q)l 1] . O1)1)340

, I)I 1,5 . (14X)347

. q)117 . (1414)340

• ( 1414)e) ,00124

• o(x)(_ . ()1){)7F,`4

. (XXP', , (W:I)6111;

• (1012 ,O114)337

• (14)15 . t14){)279

• (){)IN . I){){)192

• (14)31 , IX){H92

•01}37 .I){){121)2

• (':I}40 . (){141221

• 01143 . O(1412,511
. ()1)411 . ( (()1)2(19

.t i [i 2,(' _ i I ",,,

•0523

II. I)1)49 I}. 11(11123`4

• I )1)ti2 , ()1)1(2_

• 111174 • (){141;';I 7

• I¸)(177 . (I(141;';5+;

• O(I`40 . ()1X);';)i5

• (}(I`43 . (I()11;'; |+;

• ()11_i . (14)11351i

• ()11Y41 . ( II)11;'1(i5

• O(I!)2 . (101(;';5+;
• II()95 . (11}((;';;'17

• t)1 (9_ .111 III;'17,5

• I)102 . (I(){)3+_5

• (111)5 .(I})1)|(11

• (I11)_ • (It){1375

• Ill 1 ! . II()11123

• (l12t) .((+)I)1111

• (112!; . (I(){)4);2

• 111;{5 . ()(I_) 1ii2
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• I)I 3`4 . ()1)O5011
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. Ol 4" . I)1){153_

. O1,54 . ()1){1567

. (11,57 . _)1){135_,
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. (117,') ,11()((5_7
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• (}IN2 . O0( I(_I)$_

• 1113_ . I X)I)I_(_;{

• (1191 . O( (_I(_!}2

• I)19¸I . O( (I)(_N'1

• 11;.)IXI . I)1(O(;54

• 112(I+_ . i)1)117_I

• I)212 . ()1)1(7 `4_,

. I)21 _, . (II)1)Y)4_;

• 11222 . (I_)I(7 `4_

• {I'225 . _)1)11`44t_

• I)22_ . ()1}0" It;

• I)2;'11 . (11)I)7!I`4

• ()23`4 . I)1)1)kK5
• I)24_; • I)I}(I(`)!)11

• ((25.1 . t14){)9)i2

. I)21;2 . I}O1(15

. I)21;!+ . I}(111 |

.0277 . IIO10`4

.(12",5 . ()1)I | 5

.0292 . ()1)I 21

. 03011 . (){)I 3_

• O3()_ . (I(II 3"_

• 11;';I,') . (IO127

• 111)1)k . ()1){lq;(P_
• (I011 . I)(I(136,5

• (11111 . ( X)(12(_(,)

• (1411_, . 0(1411!)2

• ()1)2(I , O()1)I _3

• I)1(25 . (I(({(I!}2

• I)112' . I)110197

• I)(I;'1¸I , ()11{122+_

• I)11;';7 , (11X)2(i(l

• I)114(I . (I(}(127!)

. (){I13 . t)1}(12+_I

• ()I(41_ • I)1)112)i!)

• I){)49 . ()1)1126!_

• (X)52 . (14)112_`4
• (1055 .0(){(2+_9

. I){)5K . I)1){)31)3

• I){)62 .114){)_13

. I){)(_5 . I)(11)2`4"

• I){177 . t14)1(327

. I){)!12 , O1){)3(;I

• O11)11 . t)1)1)375

. OIql`4 . t14)113_I

• O115 , I)1){)3_(I

• O123 • ()I){ 13`49

• 11131 . ()1){1409

• 1113") . 111){I'157

• ((I.I(i . (11){1452

• (IIt_2 . I){){I_(5

• 0177 . (){){IC(II

• I)13,5 . I){)1162(I

• O192 . I){)1)(_I 1

• Ok,>OlI . ( 14)1)(_14

• 112(I`4 . I)114)1_(_`4

• 11215 . t1414172_i

• (122;'; , t14X)731

• 112;'11 . t)I){17_",

• I)2;I`4 . O1){)750

• O254 . I)I)O`451

. ()2fi2 . t14X)_Ni

• (1269 . I){){)`47,5

• ( (2_.5 . I)(11{)(11)
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• (X)I2
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• 01H7

.00l_

• (ifl20
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• 0034
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• 0043
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< I :< i 1,1.,
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• 00t)3()_
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• t_ _F3(t7

• tHi03l 7
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, ( HI,if
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• o;.}_ 5
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. ll7t1_ . (l(ll l
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.{1154
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• 01_8
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• (X)0375
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• llOt)510
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• 02_5

. ii292

. I Ell II )

. t)3(1_

• 11315
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. (l_,3 ] . (X) 12 . l)110G27
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• 0025 .0(1_)4fi9
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0077 . (}o[i531

(_)_4{) . (HX)561
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• 0(124fi ,02;_ 111

• 1_)_33 . ()L_()_

• 011255 .0215

• (11123ti .0223

.1111241 ,0231

• tm)J/(k .1123_
• 01)232 . ()241_

• 011241 .025 I

• _H)224 . _1262

• 110232 • 11269

• 01124 6 .0277

• (11)21_ .112_5

.()021_ .()_12

• 01123G .03011

• (1()251) • ( 131)_

.11024 ) .11315

+1111_11i .11323

.1111223 .11331

,1111232 .033Y,

• (111241 . (13111

, (1112_11 .11354

,(1(1231i .03112

. (1112/X) • q)3119

.11()212 , I1377

. (1(1231k , I)3H5

.011236 . I)3!12
• IX1255 ,114110

•11(122H .I)-tIIN

,11(1_4_ ,1141_

• 11()'_4 _') .11423

•11(1250 ,1143]

,11(125!t . O)3H

• IX1241_ .11441_

• 111125,5 .11454

• 110259 • I141i9
• 00273

I1112114 . ( l"s31 . O11116

i1(1277 . ()1111_

OIl2_(i .IX1()!I

1111273 • (11112
(_)277 .1111),5

()1)277 . tX))_

qX)L_)I .1_122

• (1t)2(;9 .01125

• (I(I;1115 • IlO_H

• (11)31 l•_ . I X)34

• 11031H .1X137

.01)3) _ .0043

.410323 .411)4G

• ( 1032;t .11()5_

• 1111341', .11(15_

,(1tl31111 .01)1_

• 11()1),r)

• I)11251,I .411171
.11()2(_ .01)74

.111)2_(_ .01)77

.1102_2 , ()1)_o

.11112+4q .01)_3

:c ) i+,,,'l"_ rc

i

I1, 00LOi 0. ()_31

• 0(12911
• 011327 i

• 00324
.00314 ,:

• 1111323

• 011293

• 0()3(_

.(11t391

.0(1427

• (1()436

, I)0436

.0()436

.1111441

• 1_)455

• 110492

• |)0436

• I11141_

•1111373
• 1111355

• 111)32_

• 111)2_,Hi

• 11112+42

• ol1277

• 11()_96

• l)O2+iU

• ()1)25,",

• 1111259

• 11(1_77

.11(1_77

•I)(1_1_!1

• ()1)L_))i

•0(1273
. (102()S

, (I))2_G

• I111273 ,11H77
• ( 1113(191

• (l(13L_

. (1()323

•()1)31)!)

• 1103_3

.1111332

• 410311_

,11113511

. (_ 135!1

• t11134+i

• ( l( I:1,"_)

• ( 1113,_tl

• 111111111

• 11(140()
.IX)|)_

• 1111431i
. IX1431_

• 0044fi

• 1111177

• I)04 G_

• 111t,173

• Ill 14_11i

• 11(143!I

. t _1121i4

• _H)_72

• (111272

.1_121i3

•tH1273

• (11)2_5
.(1031N

• ( Ill31 )H

.011313

• 011322

• O034O

•1103|I)

. (It 137 )

,0(1397

• OO393

• 0()3_

• 0()397

• 011397

• 01)393

• 01)425

. ()11453

• 01)435

l

(I, 0(|Ni 11.00435

• 11092 . 0(1467

• OlO0 .0114,53

• 01()_ , O0_HI

• 0115 . (XI4 Fi(i

• 0123 .0(140(I

. 0131 ! . 0(1522

• 1113_ • 0(1514
• 01_6 .I)1t5(1(I

• It154 . I10441

• 0162 .110393

• Ill(19 .1)0331;

• (I I_5 ,0030 8

• 01 !12 .003114

• o2(n) .0112_)

. ()L_ ,1X1290

• I1223 .01)257

• (1231 , llll2_l

, (123_ , I11)_76

• 0241i . (1112,5_

.0254 .1111277

• ()2112 •I)t)2t;2

,0269 . ()11272
. O277 .111)2711

• 02_5 .011271

,0_)2 . ()1)2_,5

. ( )31,5 . t )()3( )4

• 0323 . (11/3114

• 0331 .011331

. t)33_ ,11(131_

• I)34+; , <1(13_ZI

. ))3.r) t , I111:'1|1t

. I};'1G2 . 1111313

• ()3(;t) . q1()354

• 0377 . oo374

• II3_5 .0( 13+i0

• ()l)l 2 .1111345

.111)15 .1111341

• Itl)1 _ . O03(H

. ()()22 , (1()35_

• 111)2;') , ( 11135_

•11()2N (1113N1

.111);'11 • (1(}3H_,

• 11()3_ ,0(1443

• I)l14fi .0q)420

• (;'(/54 . (X)443

• t101_2 • I)I 14t.lt;

• 0111i9 . I111,196

.11(177 . ()11540

•III77 . III),511!_

.(11_,5 .I11)5110

• 1111t2 . I111ZXI9

• (12[1_ .011394

. ( )22;.1 , ( )II;.1HI
, (12:`11 . I)113_5

.4123_. .1111364

. II24(; .11(1359

• ( 12,_)4 .01)354

• 021i2 .11113|,')

. I12t;9 . I)/);.1| l

• I1277 , (1(132;.1

, 112_,3 , (111;|27

,11292 .1111;`12;.1

• o31111 ,011363

. I)3(IN .11113_;.1

• 1I:'115 , q!( I;'127

• [)323 . q)o3.14

.0331 .11()372

. t133_ . III);'111!#

•(134G +00331)

. ¢)354 . q)();'1f)1)
• I1362 .110354

.03(i9 .11()3h4

• O377 ,11()372

.03_,5 , _)03,_5

• ()3(,I 2 . q)0412

I . I]41111 , I10+II1_

. I)|11_ , 111)4_)

.11|I,5 , ()1)4(14

•(}4 2;.1 .11( )412i
i .114;'11 • I)1)4117

• 043_ , (1045O

• tlt |(; • 1111439

I • 11|54 .11(14fi5

.11|62 • 1111,_XI9
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TABLE I. TABULATI()N ()F DATA FI{()M I)ENSIT()METI']R C(mtimn,d

(c) Arrangement B: Values obtained in Cartesiantoordinat(s (chord--6.5 in.) Cominued

L

.c/c

O. 0923

lCe_ =2.0Xl()_; 31_ =0.737; p_=0JX)2126 slugs/cu ft; pr=14.22 lb/sq in. (Ccmcludedl

z/c 1 7 |"_

0.01)] 2 11. (X)w_•.X/

• 0014 . O'0279
• i_)l.5 . 0026fi

• (X)l 7 . .))0271

• OOl_ . IX)2S0

• {lt)l_ .002_4

• 002(I .003(P,

• (X)2_ • (X)299

•0025 . (X)312

• I102>. . (XI31 _,

• 0031 . (X)294

• I1034 . ( X1:'126

• 1X)37 . (XI340

• (X)43 . (HI309 I

• (X)4+; i .0037S
• (X149 I . (Xl407

• 0052 : .00434 )

• 0055 .00421

• IX15_ ,111141kf_

• (X)+i2 .0!1153

• (Xl(i5 .00453

• ( X}G_'t .0045_

• (Xffl .11014 t

• 111174 • l}11467
• 0077 . (X1495

• 0(IN) . (X)St)0

• II0k3 . tX1527

•(111_q .O()4SC_

• ( I(IN!J • iX)533

• 0092 . (X)SD5

• 0095 . (X)509

• 0(l(J_ . IR)55G

• 0102 . tX)542

• ()1115 .00514

• ()lOS .00555

• 0114 .0(1592

• 0117 .00592

• 0120 . il056l

• 0123 .111)5711

•I1126 .0115_L5

• I1121,1 .(111579
.0132 . (1(I,%4

• 0135 . (H1565

• 013S . (_0,542

• I)l |2 , (b(I,',_;5

• 0145 . OO551

• 0154 . (liL5_4

• 016¢i .(111551
•OlG!1 1111.517 '

• 0172 . o0523

• 0175 .011,575

• I)17_ ,011,51;5
• 01s2 .0ql52_

. I)l h,5 .011542

, ()l,k_, ,00547

•O191 .1111537

•O194 ,0q563

.0197 . (111505

•O21111 ,11114!I,5

,02113 .1111,167

• 02iR; ,t111.172

• (12(_l . INllll7

. (1212 . IlO,l I I

• 11215 •003N_,

• ll21S . (}0331
. 11222 . (H)3_ 3

• 1122,5 .(HI3G5

• 022_ . (_)3,51

• (1231 , (X1355

. ()23,_ •(H)360

+ ..... _

0• 01.123 0. 0246 i O. I}11316 11.11115 O. 010J 0. (Xi6_,g

.0254 [ .00341 I I .0177

• (1262 _ . (Xr, t22 I . O185
(X136 . 192

. 11116

• 0209

• 0277

. (}2_5

()_12

031111

0311_;

0315

0323

0331

033N

0346
0354

0362

O369

0377

03_5

• (_302

• DJlX)

• Ib40s

.0415

• 0423

• 0431

• IRRI!I

• IXII 1

.(XII2

• 001,1

.IX)15

. IXll*k

• 0022

• IX)25

• I)()2N
• 1(031

• IX)34

• [X)37

• IX)40

• 111143

• I)i)4G

• 11049

• 111)52

• 110`5._

•005N

• 0002

• 0t )(i5

• I)()GN

• 0071

• 0074

• 0O77
• I)Oh(I

• Ill)h3

• I)1)HG

• Ill )N!t

• I1095

• I)(KIH

• I)|(13

• [)l(I _,
• I)112

.0117

.0122

• 012fi

• 0131

• 0135

• ()13_

• 0146

• 0l 5t

• 0162

(X):'Rt_

(XI31h,

IX)2_0

(X1305

0{)327

1X13_2

IX1327

I111299

• I )1C4'__2
I)11322

I111:'127

• I)1133ti

• I111355
• 11(t:';3t;

• n03tG

• 1111:'127

• 11q);')56

• 1111;'151

• 01!351

• 00300

• IX)397

• IX13_

. (XI34_

. (XI3fi2

• I X13t16

.iXI4112

. (XI3_5

. (XI411

.IX_415

• IX)455

• (xl&52

• 004h_0

• IX1499

• IX)479

• IX)_15

• 0115115

• I10.191

• 111151_,

. I)049+i

• IX154tl

• I111591

• 110571

• 11115:'111
• I)05Y,,9

• 01)612

• 11o563

• IX)t125

• I)0¢;1 _

• IXIt;29

• IX)tkl 7

• 0063X

• IX1ti],3

• IX1+125
. (X1+i74

. ()11_i!12

• IXI71_I

.0117_l

• 1111737

• OO772

,11117211

,011740

. (111751

.1111703

• OiIHOH

• 02_X1

• 11215

• 11223

• 023 I

• 1123_

• 0240

• 11254

•11202

•0209
• 11277

• 02_,5

• O292

• 03(i_

.,315

• U323

• 033 [

• 033'_

• I)316

• I1354

• 11302

• 0369

10377

• 03>;5

• 0392
m(14(_)

m(14()_

• 11415

• I1423

• 0431

• 043_

• 044G

• 0464

•04(;9

• I1477

• 04_6

• 0492

• 051H}

• 050h,

• 0516
• I1523

• 053l

• 05'.¢_

• 0546

• 0554

•0562

• I1569

• 0577

• llOS .0000

• 01109
• (X_12

• 0015

• 00|g

• 0023

• 01 t31

• (X13_

• OI l_6

• I1054

• 0062

• 0069

• 1111£5

• 0](_

•1111746

•007(N

• IK)74G

•1X)7511

•qlO7_9
•IXITH(;

• O0777

.(X)719

• 110722

• 111172;.)

.(1O571

005_7

lR)4011

(X)451

01143X

(X)3_4

(X)371
(R)30G

1H1375
tX)3(_;

(HI:.)(}6

( )1131_2

I111;.144

011371

I tl )34

_1357

• 00344

• 00357

• 111)3ti2

• 111)335

• 110357

• D0357

• 1111362

• {lll3_(I

• 111111_4

• I10397

• 00402
•I)O'&_S

• 11113H11

• 00429

• 1111411

• III 143H

• 111)455

• 111)44fi

• 110429

• 11114tt I

i 1104!1!

• 00473

• I1t1341

• IX)304

• (X)373

• IX)3_0

• q)04ti4

• IX1491

• 00500

• IX)50_
•IX)030

• IX)050

• (X1050

• (X)(i4(;

• (X)740

i I _ 17 ,5!1

._'ii ( h 2 ('

11.11()_ O. tllllX
.t1115

.11123

.11131

• 1113S

.11140

• O154

i (1102

. O109

• O177

. (11_5

.0192

. (12H41

.11215

• 11223

•11e3n
• ( 123h

• 112&6

• 11251

. tl21;2

n277

112S5

iF2!12

113111l

t)311X

tl317,
11:_2;.)

11331

1_33x

l134G

()3,51

036:2

O31;!I

0377

t13_,5

03!12

()tllll

tt411_,

11415

0,t23
I +431

(+446

(t4`51

(} |1;2

11469

0477

H492

((51111

t 151)"-

0513

0`52;')

1t,5;'11
[ (153 _,

I 1134+;

0654

; o5+_2
0569

O577

05_,5

ii 00110()Ill)_,

II (}GI ,',

n6;.)l

( n;3S
hi;16

0654

(_I;G!+

n677

0.1X1740

• 1X)759

• IX)7_2

• IX)T64

• rX1782

• I II )_50

• _X)8115

• I _),_4 l

• I X)_3*;

• IH)S04

•00S27

• (_)7_,2

• I}()_l I
• (X)_77

•nOM$

i (XIHJ7

•IX)7+;I

. IXI_IHI

IXITN_

II(l_!ll;

I I(17,"2

lRI7n t
t I1I1127

(10464

_I114£k

011432

1111414

(i041N

(11141 _,

1111;.)!11

.(111364

1103111

1111341

(ll))liIi

t111;.111

1111;.12;.)
! I(I;.)ti4

11113311

I)(1373

IMI3Z_I

O113|1

1_1373

_X1:.)77

t11131;I

!111;11;I

, 11111211

. (IIIH H

, (111457,

. ()111;]2

• (11141;4

• t111459

, 1111491

, (111155

• 01111;4

,(111NID

.0111!11

.11114_(;

• t111491;

• 1111527

• 1111577

• ( 1115!L'_
• 111!,5!11

i ( 1115_1',

• (lt)_;3(_

•1111+123
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T.XP, LI,] I.--TABUI/kTI()N OF ])ATA FR()X ])I']NSIT()M1CI'I,il¢ (!onch.h'd

(r3 Arran_enn,nt B: Vahws(d(taim,(l in (!'(rte_ian eo(q'dinate_ (chord_0.5 bh) -(%n(,h.h,d

/?(,_ = 1.gX Iql_; )./,_: =IL6_,I; pt=(hO02123 slu_ rtl fl ; p_= 11.21 II),'_q in

I) OI,54 D 01112

• I );+t)%

q}. q)1,_49

• (XI]" Ill

• OO737

. I)0703
• I)1672D

,111t195

, I)117113

• (XI7113

• 111174ti

, I11t7_

, I)1177 I

. 111)!lit

• Ib11924

, [1103

,lllll

• I11Y,HI7

• 1111+17_

• I)11737

• I111+illl
• I)1t644

. I_tt119

• IXiti+ii

• (1115Y,5

• I)1i661

• tltl712

• (11172.9

• 1111737

, I II1_ 13

.111r",31

• IH I(,1117

. I111:-.64

• (((1_73

.11,1)gl 5

• (111!I_3

• t)0_9(I

,11419119

• (10949

•11111_

• ( 11k',,73

. ((1t(_+5

• 1141t_ti

• I111627

•O11729
• I111754

• 11_17IIi
•OO729

. (107_ll

. tb462

• [1615

II I(1162

II()G!I

, OO77

, I ll)_,5

.11092

.01111t

.(IION

.0115

,11123

,1113I

(I13_

(ll4q

.0154

• 0DIY

.0177

, IX 1119

.1_112

.11)I`5

• 1_122

. I)112`5

• oo2 +,

.11)31

• I)1)34

• 1X137

• 1111441

, I)1)43

• II)Di

I_1)54

II(+i2

lilHiil

I)1177
()lib5

I11192

(IIIXI

1t111_

11115

11123

I1131

1t13_

Ol.ltl

0154

I)162

, . IH6$I

_177

Ctl_5
(ll(,_2

lt2(l_

11_15

B223

(I DI )11_{

• Ill )l i1_

• II111t!1

.trill2

. DI)15

.111122

• !11t25

.0tt3|

• +14)4ik

.0051

• t11162

.4141+;!1

• i)1)1)3

. I)1)0+i

• 111)11_

. O(H 1
,IHII2

• I111171

•I1111_

. ( 112.5

. (11131

( I(13"_

, (111411

,tHIA1

• 111162

, ill)l)!(

• Ill 177
. ( I(Ih_')

• II11!1_

, l)ll)l)

+(llll _.

.11115

•0131

, (It3 _,

. ! I(1 )3

• I1111t_

•001 l!l

.tlOI2

•1101`5

.(101%

• ( 111_`5

•1102_',
0031

. Oll|ti

,Oil"+|

(L l_llTH( I

•111)763

.007113

.O4)X?;I

• 1111K35

. ()1(HIH

. I111_.11&

• O0992
• 11119`5_

(IIIg|D

.1111!149

, (11112

01112

,OI()!

+011_

.1X1913

.(_1771

,111!q96

, I)0713

• IX)ti7_

.1X1713
. I)11t196

• I10722

+ 11171;_i

• 1111722

• 111757

• 111757

.I)11717

• 111791

. I)1)K|I)

, I)I)_00

• DItK52

Ol)_TK

()II_tll

11111,t22

I)1K_II

liltS%Ill

I)11922

. Ill)9 IS

, III )_,l;$lt

• III )_16,_1

,1llO2

• IllOJ

. I )1){.114

, (1104

I11114

. l)l(1fi
• Ill Ill

,0112

' -+,+' I ,,+

(I. 0769

. ll923

IL I1t1113
, IXllll

, IIXllt

, II(ll 2

• 11(115

I1()l_

O((22

111125

11112N

I111._1

((II-_K

f11(4+_

I11151

1111t_2

,0011!1

.(11177
• 110_5

• 01192

• 01111)
• (ll(l_

• (111.5

•(1123

.013l

,(ll3_

• (l146

,1115.4

,0l I12

, ((llly

,0177

.01_5

,1111t2

•I)'.;I111

• 111(111

• 111(I_I
• I1112

• I11115

• ll)IH

• 111)22

• 11()2fi

• 11(12_,;

, (11131

, (X134

• (11137

,01140

• I11143

, (111111

.1111_4

. 111Ill2

• IXItiY

• 1111_7
, ( x IK_)

. ( 111_,t2

•011111

, Ol(Ih

11011746

•II11737

.(11111116

, ( l( lliTll
, l )1111KI_

, l)1171];_
• I111729

"I)1171;3

• 11(177 I

• 11117117

. I)1)K|H

. [111754

. I11I¶((17

(HI_IH

• t11)91)7

• (l(l_l 1,¢")

• 11O924

• ( 11P';7;i

• (I0!I/17

• (111_ 15

• I II1911

• 1111111

• (I(1_#_(.i

• (1(lYe')

.111113

• 111111

.onl)x

.1111_15

• (1(17fi3

• _X174_i

• 1117t13

• I1117`54

• 111177[
• 11(1_19

, ()1lN.l_

,114 P422

. (111N39

• t)11N4Y,

OIIit_

.(1tl915

.I111!t1,5

• ( l( lg,r)_.

• 1111H;_1

.(_)!tll

r,c

q) 0!_23

! . 1¢+77

ILl)lib
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